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SUMMARY 
Demonstration of the movement of ca 2+ ions across the 
plasma membrane of the liver cell in vitro has been made possible 
following the successful development of a technique for the 
isolation of 1 iver plasma membranes in vesicular form. Al though 
membrane preparations from this tissue have been available for 
study, the new procedure contains many important advantages 
including high yield and reproducibility, and substantial 1 y improved 
ease of and time required for isolation. Most significantly, 
evidence is presented for a. largely sinusoidal membrane origin of 
these vesicles. 
The membranes have been characterised with respect to 
membrane purity and vesicle orientation by extensive marker enzyme 
analysis and electron microscopic studies. The preparation is 
enriched 26-fold in plasma membrane-associated enzymes and 20% of 
the fraction consists of tightly sealed vesicles in the inverted 
orientation which are capable of accumulating Ca 2+ ions. ATP-
2+ 45 2+ . dependent, Mg -independent, Ca uptake which is ruthenium 
red-insensitive has been studied under carefully controlled 
conditions using the ca2+ chel ator EDTA. Plasma membrane-1 ocal i sed 
Ca 2+ transport has been differentiated from possible uptake by 
contaminants derived from the endoplasmic reticulum in an associated 
study using orthovanadate, an agent which inhibits Ca 2+ transport 
by the endoplasmic reticulum but not the plasma membrane in this 
tissue. 
Experiments in the <level opment of, and rationale behind the 
Percoll gradient technique for plasma membrane isolation together 
with kinetic studies on ca2+ metabolism are presented. The 
significance of the present work in relation to the role of the 
calcium ion in al pha adrenergic -induced responses in this tissue 
al so is discussed. 
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CHAPTER 1 
INTRODUCTION 
1.1 GENERAL 
The movements of ions in general, and calcium ions in 
particular, across biomembranes have been recognised for a long time 
as playing an integral role in the control and regulation of a 
variety of biochemical processes. Alterations in the total:free ion 
concentration ratio and pool size in organelles and microenvironments 
within the cell in response to various stimuli e.g. hormones and 
neurotransmitters, frequently have been shown to accompany and often 
precede large perturbations · in cell metabolism. 
For example, the calcium ion (henceforth abbreviated Ca) has 
been shown to play an important role in the regulation by adrenaline 
of carbohydrate metabolism in liver. Consequently, stimulation of 
this tissue by alpha-adrenergic agonists has provided a useful system 
with which to study Ca movements across liver membranes. Studies in 
this laboratory recently have instigated a re-appraisal of the role 
of the plasma membrane and associated Ca-transport mechanism(s) as an 
early site of major importance for the action of adrenaline in liver 
(Reinhart et al., 1982). These in situ studies have provided 
information regarding quantitative and temporal aspects of metabolic 
changes which accompany hormonal stimuli. However our understanding 
of the fundamental mechanisms underlying the rapid ion fluxes 
observed, until recently, has been hindered by limitations in the 
experimental approaches available for studies both in vivo (e.g. the 
difficulty to directly measure cytoplasmic-free Ca) and in vitro 
(e.g. the unavailability of suitable plasma membrane preparations). 
In general, the thrust of this thesis has been directed 
towards the development of a technique for the isolation of liver 
cell plasma membranes in vesicular form. Detailed information 
particularly regarding the purity and applicability of alternative 
plasma membrane isolation procedures for Ca-transport studies is 
described in the introductory and discussion sections of individual 
chapters as it relates to the work presented in those chapters. The 
need to discriminate between Ca transport by plasma membranes and 
endoplasmic reticulum when using in vitro membrane preparations was 
successfully fulfilled in an associated study where the action of 
vanadate on the transport of Ca in post-mitochondrial membrane 
preparations was examined. 
However, in order to provide an appropriate background for 
the Ca~transport and CaATPase studies to be described and to enable 
analogies to be drawn with comparable studies in other tissues, 
experimental data is preceded with a brief synopsis of Ca-transport 
mechanisms which have been identified in different biomembranes. 
1.2 MECHANISMS OF Ca TRANSLOCATION ACROSS MEMBRANES 
1.2 .1 Cellular Ca-Transport Systems and Energy Requirements 
As a result of Ca-transport systems which are localised 
within the cell, Ca is segregated into subcellular and extracellular 
compartments, and micromolar concentrations of free Ca ions are 
maintained in the cytoplasm of mammalian cells, including hepatocytes 
{Murphy et al., 1980, Charest et al., 1983). These Ca-transport 
systems are summarised in Figure 1.1. 
A. Plasma membrane calcium fluxes 
Under conditions whereby the redistribution of Ca by 
intracellular organelles has been minimised by the use of 
mitochondrial inhibitors and low temperatures to reduce ATPase 
activity, Ca entry across the cell membrane {Fig. 1.la) has been 
shown to be electrogenic, possibly catalysed by a ca 2+; H+ 
antiporter (Hinnen~., 1979). Additional mechanisms for Ca entry 
into non- excitable cells via facilitated diffusion {Hinnen~., 
1979) and alpha-adrenergic agonist-sensitive mechanisms (Reinhart et 
~., 1983) (Fig. 1.1 b,c) although highly probable, still remain 
speculative (Barritt, 1981). 
Calcium channels or "pores" (Fig. 1.ld) play an important 
role in the coupling of membrane excitation to cellular responses 
such as secretion or contraction, particularly in heart and nerve 
cell membranes isolated from a variety of species (Kostyuk, 1981). 
2 
2a 
Figure 1.1 Ca-transport systems in the mammalian cell 
Principal Ca-translocation mechanisms identified in the 
mammalian cell are depicted in Figure 1.1 and examples are 
given in the text. Note: Evidence for the existence of 
distinct transport systems is often inconclusive or somewhat 
tentative, and tissue variations may apply. 
i. Cellular calcium entry 
a. electrogenic "passive" influx 
b. facilitated diffusion 
c. adrenergic agonist-sensitive mechanisms 
d. voltage-dependent calcium channel (excitable cells only) 
e. Na/Ca exchange carrier (excitable cells only?) 
ii. Organelle Ca-uptake mechanisms 
f. the sarcoplasmic reticulum (Ca+Mg}ATPase (excitable 
cells only) 
g. the endoplasmic reticulum (Ca+Mg}ATPase 
h. the mitochondrial Ca uniporter 
i. the mitochondrial Na/Ca exchange carrier 
iii. Ca-release mechanisms from cells and organelles 
j. reticular Ca-efflux mechanism 
k. mitochondrial Ca-efflux mechanism 
l. the plasma membrane Ca-pumping ATPase 
m. the sarcolemmal Ca-pumping ATPase (excitable cells only) 
Figure 
the 
e 
hat 
nly ) 
ly) 
1. 1 
n 
QI 
CD 
"'O 
II 
n 
QI 
er 
::; · 
a. 
::;· 
ID 
"C 
-, 
0 
-+ 
ro 5 · 
VI 
~ 
Calcium 
cell 
~ 
"U 
transport systems in 
· '1 
3 QI:::::, 
- · :::IC n 
n a.n QJ 
-, -0 ro N 
er C: + 
0 VI 
a. 
iii" 
VI 
n 
QJ 
N 
+ 
the ma mma 1 i a n 
n 
QJ 
N 
+ 
:' 
n 
QJ 
CD 
-u 
~ 
n 
QJ 
N 
+ 
\ 
n 
QJ 
N 
+ 
+ 
n 
QJ 
N 
+ 
P" 
n 
QJ 
N 
2 + 
-, QI 
ro ::, 
-+ a. 
?--
n 
QJ 
~ - In 
~ QI 
C -, 
3n 
0 
"C 
QI 
VI 
~-
N 
+ 
"C 
iij" 
Vl 
3 
QI 
3 
ro 
3 
er 
-, 
QI 
:::::, 
ro 
+ 
p 
3 
n 
QJ 
N 
l + 
-o, 
w 
3: 
Calcium channels are apparently uni-directional and their inactivation 
or decline in electrical conductance during prolonged membrane 
depolarisation varies between tissues and may be either cytoplasmic 
Ca-mediated or voltage-dependent (Tsien, 1983). 
Aequorin injections into perfused squid axons (Baker et al., 
1971) permit the identification of two phases of Ca entry: a rapid, 
tetrodotoxin-sensitive Ca- influx via the sodium channel and a 
second, comparatively slower phase which is tetrodotoxin-insensitive, 
voltage-dependent and able to be blocked by Mn 2+, Co2+ and 0-600, 
a derivative of verapamil. This 11 slow" Ca channel is activated in 
parallel with sodium conductance during the generation of an action 
potential in neuronal membranes and appears to be controlled by 
intramembrane charge displacement (sometimes referred to as gating 
mechanisms), cyclic nucleotides, protein phosphorylation etc 
(reviewed in Kostyuk, 1981). Two membrane systems which have been 
extensively studied are heart cells, where Ca channels respond to a 
variety of neurohormones and drugs (McDonald, 1982) and nervous 
tissue, where neurotransmitter responses have been studied (Kostyuk, 
1981). The existence of similar Ca gates or channels in non-excitable 
cells which also possess a plasma membrane electrical gradient of 
approximately 75mV (negative inside) has not been established. A 
role for Ca fluxes across cell-to-cell calcium channels involved in 
trans-cellular permeability and communication appears unlikely since 
elevated levels of cytoplasmic Ca has been shown to induce channel 
closure (Loewenstein and Rose, 1978; Loewenstein, 1981). 
Utilising the potential energy of the Na gradient, exchange 
of intracellular Ca for extracellular Na (Fig. 1.le) has been 
reported in cell membrane preparations from a range of excitable 
tissues including heart, smooth muscle and nervous tissue, renal and 
epithelial tissue and intact squid axons (Daniel~ •• 1982; Nelson 
and Blaustein, 1982; Schatzmann, 1982). The plasma membrane Na/Ca 
exchange system may play only a minor role in Ca metabolism in 
resting cells due to a) its low affinity for Ca (Dipolo and Beauge, 
1979; Caroni and Carafoli, 1981) and b) small contribution to Ca 
efflux across synaptosomes (Akerman and Nicholls, 1981), in 
comparison with Ca-pumping ATPases in these membranes (see below). 
4 
However, the potentially high velocity of Ca pumping (approximately 
20nmoles of Ca per mg protein per second; Caroni et al., 1980) may 
reflect a prominent role for this mechanism when large amounts of Ca 
are required to be extruded from the cell in the excited state 
(Dipolo and Beauge, 1983; Penniston, 1983). 
B. Mitochondrial Ca transport 
Mitochondria isolated from a wide variety of tissues and 
species possess the ability to accumulate Ca via an electrophoretic, 
respiration-coupled mechanism (Carafoli and Lehninger, 1971; Carafoli 
and Crompton, 1976; Mela, 1977; Bygrave, 1977; Epping et al., 1983) 
(Fig. 1.lh). Efflux of Ca may proceed by way of a distinct efflux 
component (Fig. 1.lk) or via reversal of the uniporter in response to 
low membrane potential. Mitochondrial Ca transport has been 
extensively reviewed (Carafoli, 1979; Nicholls and Crompton, 1980; 
0 
Denton and McCormack, 1980; Nicholls and Akerman, 1982) and the role 
of Ca cycling and putative Ca/Hor Na/Ca exchange carriers (Fig. 
1.li) in liver mitochondria is discussed further in section 1.3.3D. 
c. Calcium-pumping ATPases 
Ca-activated, Mg 2+-dependent ATPase activities i.e. 
(Ca+Mg)-ATPase demonstrating a high affinity for Ca ions recently 
have been reported in many purified plasma membrane preparations 
(Table 1.1) and in other organelle preparations (West, 1981; 
Kanagasuntheram and Teo, 1982; Volpi~ •• 1983; Colca ~ •• 
1983) from many tissues. ATPase activity often has been correlated 
with 45ca ion fluxes in the same in vitro membrane preparations. 
These studies have provided evidence for the existence of distinct 
Ca-pumping ATPases in different subcellular organelles (Fig. 1.1 
f,g,l,m) particularly since both activities in many cases have been 
shown to be activated by the Ca-binding protein, calmodulin (Klee~ 
2.l_., 1980). 
Evidence for the existence of Ca pumps is generally indirect 
or incomplete, particularly in the case of the plasma membrane, 
endoplasmic reticulum and Golgi apparatus where technological 
limitations apply to cell fractionation procedures. This 
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Table 1.1 
Examples of (Ca+Mg)ATPases with high affinity for Ca 
recently identified in eukaryotic plasma membranes and 
possibly involved in Ca translocation 
Source 
1 adi pocytes 
2 aorta 
3 brain synaptosomes 
4 corpus l uteum 
5 erythrocytes 
6 granulocytes 
7 heart sarco1emma 
8 intestine 
9 islet cells 
10 kidney cortex 
11 liver 
12 lymphocytes 
13 macrophages 
14 monocytes 
15 neutrophils 
16 osteosarcoma 
17 platelets 
18 smooth muscle 
19 sperm 
20 squid axon 
21 thyroid 
Reference 
Pershadsingh and McDonald (1980); Pershadsingh 
et al. (1980) 
Morel et al. (1981) 
Gill~- (1981); Hakim et al. (1982) 
Verma and Penniston (1981) 
Carafoli ~. (1982) 
Schneider et al. (1979) 
Caroni and Carafoli (1981); Caroni et al. 
(1983), Nellans and Popovitch (1981), Colca 
etal.(1983) 
Ghijsen et al. (1982) 
Pershadsingh et al. (1980a) 
Gmaj et al. (1982) 
Lotersztajn et al. (1981) 
Lichtman et al. (1981) 
Gennaro et al. (1979); Lew and Stossel (1980) 
Scully et al. (1982) 
Volpi et al. (1983) 
Murray et al. (1983) 
Dean and Sullivan (1982) 
Akerman and Wikstrom (1979); Chiesi and 
Ca r a fo l i ( 19 82 ) 
Breitbart et al. (1983) 
Beauge ~. (1981) 
Kasai and Field (1982) 
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necessitates studies using levels of contaminating organelles which 
ultimately prohibit the unequivocal assignment of Ca-transport 
activity to a single organelle. Problems encountered in membrane 
purification are discussed elsewhere in this thesis. Two exceptions 
to this enigma are exemplified in the red cell plasma membrane and 
muscle sarcoplasmic reticulum, where unique physiological factors 
permit their use as model systems in the study of the energetics of 
Ca-pumping ATPases. For this reason, these systems will now be 
described in some detail. 
1. 2. 2 The erythrocyte and other plasma membrane CaATPases 
Intrinsic to the long-term maintainance of a low 
cytoplasmic-free calcium concentration is the outward-directed, Ca-
pumping ATPase located in the plasma membrane (Fig. 1.1 l,m) since 
unlike the various free, bound and complexed pools of calcium 
associated with intracellular organelles (Bygrave, 1978) it is the 
extracellular medium alone which may function as an unlimited Ca 
"sink". 
A. A model system 
The red cell membrane (Ca+Mg)ATPase was the first Ca-pumping 
enzyme to be identified and detailed studies have been performed 
using intact cells (Schatzmann and Rossi, 1971; Sarkadi et al., 
1977), re-sealed membrane ghosts depleted of cytoplasmic contents 
(Quist and Roufogalis, 1973) and sealed ghost/vesicle preparations in 
the inverted orientation (Quist and Roufogalis 1977). The Ca pump is 
the only Ca-transport system which exists in the red cell, and 
selective stimulation of the enzyme by calmodulin (Vincenzi, 1982) 
has enabled a 350-fold purification of the ATPase (approx. 0.1% of 
total membrane protein, mw=llS,000) using calmodulin-affinity 
chromatography (Graf~ •• 1982; Carafoli and Zurini, 1982). 
Subsequent reconstitution of the enzyme in a functionally-active, 
near-homogeneous form into asolectin liposomes using the stabilising 
action of certain acidic phospholipids (Carafoli et al., 1980; Niggli 
et al., 1981) al so has been achieved (Niggli et al., 1979, 1982; 
-- --
Gietzen et al., 1980). 
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B. Reaction mechanism and regulation 
Experimental evidence including the Ca-induced formation of 
a phosphoprotein (mw 140-150,000) which occurs simultaneously with 
(Ca+Mg)ATPase activation in red cell membranes have provided insights 
into the partial reactions of the pump (summarised in Fig. 1.2). 
Binding of Ca(Ka = 0.5-1.0l:IM) and ATP (Ka= 1-2µM) to the catalytic 
site of the high-affinity form of the enzyme (El) promotes a 
Mg-independent enzyme phosphorylation with a corresponding decrease 
in affinity for Ca. The more stable E2-P phosphorylated intermediate 
conformation generated in the presence of Mg and which occurs in 
conjunction with Ca release from the enzyme may then undergo a Mg-
dependent dephosphorylation prior to the E2+ El conformational change 
which completes the cycle. The controversy which exists regarding 
Ca-transport:ATPase stoichiometry in vitro (values of 1:4 to 2:1 are 
reported) reflects experimental limitations arising from "leakiness" 
of membrane vesicles and from contamination of preparations with 
(Na+K)ATPases, non Ca-transporting (Ca+Mg)ATPases, protein kinases 
and phosphatases. This could not be resolved in the absence of a 
specific inhibitor of the Ca-pumping enzyme prior to reconstitution 
studies (Clark and Carafoli, 1983). 
In the absence of a definitive understanding of the control 
of partial reaction sequences, several regulatory mechanisms are 
observed as follows: Micromolar concentrations of free Ca activate 
basal Ca transport 200 to 1,000-fold following enzyme phosphorylation 
(Fig. 1.2~). Mg, acting at a low affinity, regulatory ATP site 
accelerates Ca-dependent dephosphorylation of the enzyme (Fig. 1.2c), 
thereby facilitating removal of Ca.El-P. Mg also promotes phosphory-
lation in vitro when free-Ca levels exceed those required for optimal 
phosphorylation and which would otherwise inhibit the enzyme 
reaction. Binding of ATP (Ka= 1-2µM) to a high-affinity, 
catalytic site on El induces phosphorylation whereas dephosphorylation 
of E2-P requires ATP binding to a low-affinity (Ka= 200-300µM), 
regulatory ATP site in the presence of Mg. High concentrations of 
ATP inhibit the enzyme. 
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Figure 1.2 Partial reactions of the erythrocyte Ca-pumping ATPase. 
El 
E2 
Symbols used 
El 
E2 
Ca.E1-P 
E2-P 
a 
b 
C 
ATP ADP 
a 
ADP 
? c Mg 
P.:. 
= high-affinity state of enzyme 
= low-affinity state of enzyme 
Ca .E 1 -P 
E2-P 
Mg 
b 
= high-energy, ADP-sensitive phosphorylated 
intermediate 
= stable, phosphorylated intermediate 
= phosphorylation 
= Mg-dependent, conformational change 
= dephosphorylation. 
References: adapted from Muallem and Karlish (1981) 
and Roufogalis ~. (1982) 
Caout 
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Calmodulin, acidic phospholipids and mild proteolysis 
enhance both the rates of Ca-induced phosphorylation and dephos-
phorylation by approximately 4-fold. This occurs with a net shift in 
the Km for Ca from 20µM to-0.4µM by promoting the E2 + El 
conformational change through binding to, or removal of, regulatory 
components. Alternative regulation by cAMP-dependent protein kinases 
has been poorly defined although modulation of the pump by anionic 
and polyanionic compounds has been reported (Minocherhomjee ~., 
1982). The field recently has been reviewed in Sarkadi (1980), 
Carafoli ~. (1982), Roufogalis ~. (1982), Sarkadi et al. 
(1982), and Vincenzi (1982). 
c. Other plasma membrane Ca-pumping ATPases 
A putative Ca-pumping role has been ascribed to most of the 
high Ca affinity (Ca+Mg)ATPases listed in Table 1.1 and 45ca-
uptake and CaATPase activity have been measured together in many of 
these studies (Table 1.1, references 1-3, 7-9, 12-15, 18-20). A 
strong argument has been placed in favour of a ubiquitous role for 
Ca-pumping ATPases in most cell types based upon kinetic properties 
and common modulation of both ATPases and transport phenomena by 
controlled experimental conditions and the action of regulatory 
proteins and molecules such as calmodulin (Pershadsingh ~., 1980; 
Nellans and Popovitch, 1981; Morel~., 1981; Lichtman~., 
1981). Heart sarcolerrma, however, is the only other tissue where a 
calmodulin sensitive, plasma membrane Ca-pumping ATPase has been 
conclusively demonstrated using purified sarcolerrvnal preparations 
(Caroni and Carafoli, 1980; 1981a; Vetter~., 1982) and a 
reconstituted system (Caroni et al., 1983a). 
1. 2. 3 The sarcoplasmic reticulum 
A. General 
Regulation of cytoplasmic-free Ca in brain, heart and muscle 
is mediated to a large extent by the sarcoplasmic reticulum (SR), a 
network of membranes with a continuous inside space which surrounds 
the muscle fibrils. Muscle contraction is induced by Ca release into 
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the cytoplasm and relaxation requires Ca re-uptake into the SR by a 
Ca-pumping ATPase. This generates trans-membrane Ca gradients in 
excess of 10,000 and estimated intravesicular Ca concentrations of 
lOmM {Hasselbach, 1978). 
The SR membrane system offers a unique biochemical method of 
studying the relationship between energy coupling and excitation-
contraction since: 1) The SR represents a high proportion (up to 
90%) of total cell membranes in fast muscle, hence high yields 
(~2m 2 surface membrane/g tissue) are obtained, 2) Ca-transporting 
ATPase constitutes 65-70% (w/w) of total SR membrane protein and 3) 
Tightly-sealed membrane vesicles which retain their in vivo 
orientation are obtained almost exclusively upon tissue 
homogenisation. These features have permitted both comprehensive in 
vitro studies using native membranes in addition to the isolation and 
purification of the CaATPase (Meissner~ •• 1973; Hasselbach and 
Waas, 1982). 
Moreover, reconstitution of purified enzyme into 
phospholipid vesicle bilayers has shown that {ATP+Mg)-dependent Ca 
uptake and ATPase hydro lysis, formation of phosphorylated 
intermediate, ATP-Pi exchange and ATP synthesis all are tightly 
coupled (Knowles and Racker, 1975; Tada~ •• 1978; Napolitano et 
21_., 1983). Similar Ca-pumping ATPases are believed to occur in the 
endoplasmic reticulum (Fig. I.lg) of non-muscle cells (see Bygrave, 
1978a; McDonald~ •• 1978; Carafoli and Crompton, 1978). 
B. Characterisation, reconstitution and reversibility of SR 
CaATPase 
The partial reaction sequence developed by de Meis and 
Vianna {1979) for the SR ATPase is based upon a scheme originally 
proposed by Carvalho et al. (1976). MgATP binding to high-affinity 
external sites promotes a Ca-induced conformational change in the 
ATPase leading to the formation of a phosphorylated intermediate. A 
change from high {- lµM) to low {- lmM) affinity of the Ca-binding site 
coincides with a re-orientation of the binding site from the 
cytoplasm to the cell lumen. Ca release precedes hydrolytic cleavage 
of the phosphate and enzyme recycling similar to that which operates 
in the erythrocyte membrane (Fig. 1.2). 
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The Ca-pumping action of the (Ca+Mg)ATPase has been shown 
conclusively in muscle SR using reconstitution studies (Korenbrot, 
1977). Transport of 2 Ca per 1 molecule of ATP consumed may be 
supported by alternative nucleoside triphosphates, acetyl-, 
carbamoyl- and paranitrophenyl- phosphates, and is facilitated by 
permeant anions e.g. oxalate and phosphate. The anions promote 
intravesicular Ca precipitation, thereby preventing saturation of 
internal, low-affinity Ca-binding sites. This would otherwise lead 
to accumulation of ADP-sensitive phosphoenzyme with subsequent ATPase 
inhibition, and gives rise to a 100-fold increase in the SR Ca-
storage capacity. Ca trans·port is also defined, in part, by the 
nature of the polar head of neighbouring phs~pholipids, and by a 
12,000 mw proteolipid which is required for the high coupling 
efficiency (Ca:ATP -1.7) observed in reconstituted membranes (Warren 
~., 1975; Hasselbach, 1978; Tada~., 1978; de Meis and 
Vi anna, 1979). 
Under steady-state conditions, the SR CaATPase may catalyse 
an ATP -~ Pi exchange (Ca-transport mode) and ATP hydrolysis 
simultaneously without net Ca flux. Ca release coupled to ATP 
synthesis could he demonstrated in vitro (Makinose, 1972) and more 
recent studies have shown that energy from the Ca gradient was not 
involved but that asymnetric binding of Ca on both vesicle membrane 
surfaces is essential for ATP synthesis since phosphorylation 
required Ca not to be bound to the high-Ca affinity, cytoplasmic-
facing binding site (Scofano and de Meis 1981; de Meis and Inesi, 
1982). A Ca-gated cation channel (Fig. 1.lj) which mediates 
Ca-induced Ca release from SR also has been reported recently 
(Yamamoto and Kasai, 1982). 
c. Protein phosphorylation 
In addition to Ca and ATP (Tada~., 1975), the 
phosphorylation state of the SR (Ca+Mg)ATPase plays a central role in 
the regulation of enzyme activity (Tada and Katz, 1982). Covalent 
modulation of contractility by hormones and neurotransmitters (Fig. 
1.3) may be mediated by cAMP-dependent phosphorylation of cardiac 
sarcolemmal proteolipids e.g. calciductin (Rinaldi~., 1981), and 
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Figure 1.3 Phosphorylatin in the control of Ca fluxes in 
contractile tissues 
(modified from Kirchberger and Antonez, 1982; Haiech 
and Demaille, 1983). 
Ca transport mechanisms 
a voltage-dependent Ca channel 
b (Na+K)ATPase 
c Na/Ca exchange carrier 
d sarcolemmal (Ca+Mg)ATPase 
e sarcoplasmic reticulum (Ca+Mg)ATPase 
f Ca channel 
12a 
C""I 
n:, 
N 
K+ 
' 
' 
+ 
ca2+ 
a. 
" \ 
Ca 2+ \ 
hormone (adrenaline) receptor 
A I 17 I , I 
• 
\ cAMP Ca / calmodulin 
\ I I 
'® I I • + \ protein kinase protein kinase \ 
\ ... ..., -- -, ... 
...- I - - ..... 
\ ... 
• ... ---- ... ',,. .... calciductin phospholamban phosphorylase etc. 
/ 
/ 
(±),," I sarcoplasmic reticulum 
/ 
/ 
" Ca / calsequestrin 
-=---------t 
... ATP Ca / anions 
',® ©'-- ......... f . 
' 
' 
'Ca / calmoduLin 
cAMP 
sarcolemma 
p(a - 2 
p(a,., 7 
pCa,., 3 
SR proteins including the Ca-pump regulator, phospholamban (Le Peuch 
et al., 1979; Tada et al., 1982). Phospholamban also is regulated by 
phospholamban kinase, a Ca/calmodulin-dependent enzyme (Caroni and 
Carafoli, 1981a) which may form a multi enzyme complex with 
phospholamban and the ATPase in the SR membrane (Haiech and Demaille, 
1983). _A role for calsequestrin as an intravesicular Ca-binding 
protein remains to be established. 
Some of the problems inherent in performing in vitro studies 
using rat liver membrane preparations will now be described. Indeed, 
many of these problems are unique to liver tissue. 
1.3 THE LIVER 
1.3.1 Liver morphology and function 
Both arterial and portal venous blood are supplied to the 
liver parenchyma via an extensive network of capillaries known as the 
sinusoids, as shown in Figure 1.4. The sinusoids are incompletely 
lined with a layer of porous, endothelial cells and stationary 
phagocytic or Kupffer cells which are primarily located in the 
sinusoidal branch regions. An extracellular "Space of Disse 11 located 
between the hepatocyte surface and the endothelial lining permits 
exchange of molecules between the blood and the extensive surface 
area of the hepatocyte microvilli. Small, extracellular channels 
called bile canaliculi located between opposing hepatocytes 
accumulate bile secreted from the liver, and nearby junctions 
reinforce tissue integrity. 
Livers from 24hr-fasted rats are composed 78% (v/v) of 
parenchymal cells, 6.3% of non-parenchymal cells (i.e. 2.8% 
endothelial cells plus 2.1% Kupffer cells plus 1.4% fat-storing 
cells) and 16% is extracellular volume (Blouin~., 1977). 
Because of the multiple cell types present in this tissue it has 
become important to assess their relative contribution towards 
organellar membranes in liver homogenates prior to cell fractionation 
studies. Whereas liver mitochondria and endoplasmic reticulum are 
almost entirely derived from hepatocytes (Table 1.2), significant 
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Reproduced in modified form fron Kessel and Kardon (1979). 
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Table 1.2 
Liver subcellular organelle surface area and distribution 
Membrane Surface Area (m2/cm3 liver) 
organelle 
Hepatocytes Non-parenchymal cells 
mi tochond ri on 5.93 (98)* 0.11 ( 2) 
smooth endoplasmic reticulum 5.51 ( 94) 0.31 ( 6) 
rough endoplasmic reticulum 2.49 ( 95) 0.13 ( 5) 
plasma membrane 0.83 ( 77) 0.18 (23 ) 
Golgi apparatus 0.26 ( 84) 0.05 ( 16) 
lysosome 0.08 (67) 0.04 (33) 
Reference: Blouin et al. (1977) 
* Figures in parenthases represent% of total organelle membrane 
surface area in liver homogenates. 
17 
contamination of liver homogenates with plasma, Golgi and lysosomal 
membranes from non-parenchymal cells is likely to occur. 
In addition to the important roles of storage (Fe, Cu, 
glycogen, vitamins etc), detoxification, and excretion of bile salts, 
cholesterol and lymph, the major functions of the liver pe~tain to 
the metabolism of proteins, lipids, carbohydrates. Blood glucose 
levels are maintained through glycolysis, gluconeogenesis and by 
glycogen synthesis, storage and mobilization in response to 
adrenergic and other hormonal stimuli. 
1. 3. 2 The role of Ca in the regulation of liver metabolism by 
alpha-adrenergic agonists 
The current model for a cAMP-independent mechanism in the 
regulation of liver carbohydrate metabolism by adrenaline (Fig. 1.5) 
envisages the rapid generation of a hitherto unidentified signal at 
the plasma membrane following alpha-I adrenergic receptor 
stimulation. Free Ca ions, which represent only a small portion of 
each intracellular Ca pool (Reinhart~., 1983) are mobilised from 
Ca stores located within the mitochondria and possibly the lumen of 
the endoplasmic reticulum to transiently elevate the concentration of 
cytoplasmic free Ca. Subsequent interaction of cytoplasmic free Ca 
with target enzymes e.g. phosphorylase kinase is thought to mediate 
the alpha-adrenergic actions of catecholamines in liver (reviewed by 
Exton, 1980; Williamson~~, 1981; Exton, 1982; Bygrave ~., 
1983). 
The chemical nature of the alpha-adrenergic agonist-induced 
"second messenger" recently has been the subject of much intense 
study and several candidates including metal ions, redox ratio 
changes and calcium ionophores have been proposed (reviewed in Taylor 
~., 1983). A role for the most recently proposed candidates, 
namely intermediate metabolites of poly-phosphoinositides (Kirk, 
1982) remains to be conclusively shown (Reinhart~., 1983). 
Figure 1 .5 Possible mechanisms of action of 
alpha-adrenergic agonists in rat live r 
(from Taylor~-, 1983). 
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IP, inositol phosphate; ER, endo plasmic reticu l um; 
MT, mitochondrion. 
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Efflux of Ca across the plasma membrane presently 
constitutes the earliest physiological response detected following 
alpha-adrenergic stimulation of intact liver (Reinhart et al., 1982). 
Analysis of Ca fluxes in the perfused rat liver is impaired by 
limited knowledge regarding the existence and kinetics of endoplasmic 
reticulum and plasma membrane-localised Ca-translocation systems in 
this tissue. Ca transport in these membranes is essentially 
unstudied as a direct result of the difficulty in obtaining purified 
membrane preparations which are devoid of appreciable contamination 
by other liver cell organelles, as discussed in detail below. 
1. 3.3 Isolation of, and Ca transport in, liver organelles 
A. The plasma membrane 
The pericellular membrane of the hepatocyte is structurally 
heterogeneous and can be subfractionated to yield plasma membrane-
enriched fractions derived from the blood-sinusoidal, contiguous and 
bile canalicular regions (Fig. 1.6). Plasma membrane markers show a 
biphasic distribution in liver subcellular fractions and sucrose 
gradients (Aronson and Touster, 1974; Reinhart and Bygrave, 1981; 
Blackmore et al., 1979). Contiguous and canalicular membrane 
"sheets" and vesicles (o=l.16-1.18g/cm 3) are obtained from low 
speed centrifugation of liver homogenates whilst sinusoidal plasma 
membranes, primarily in vesicular form (o< l.14) are recovered mainly 
from post-mitochondrial subcellular fractions (reviewed in Evans, 
1977). 
The majority of the most frequently used plasma membrane 
isolation procedures listed in Table 1.3 derive from the Neville 
procedure (1960) and its many modifications (Emmelot ~ •• 1964; 
Song et al., 1969; Ray, 1970; Dorling and Le Page, 1973). These also 
have been adapted to other cell types and tissues (Fleischer and 
Packer, 1974). Although light and heavy membrane fractions 
frequently have been isolated, they usually have been obtained in the 
most part from low speed pellets, a~d such vesicles generally are 
considered to be bile-canalicular in origin (see Neville, 1960; 
Scharschmidt and Keeffe, 1981). In all preparations and particularly 
in the case of membranes derived from the post-mitochondrial 
Table 1.3 
Liver plasma membrane isolation procedures 
Reference 
Nevi 11 e ( 1960) 
Emmelot et al. (1964) 
Coleman et al. (1967) 
Graham et al. (1968) 
Song~. (1969) 
Touster et al. (1970) 
Ray ( 1970) 
Evans (1970) 
House et al. (1972) 
Yunghans and Morre (1973) 
Dorling and Le Page (1973) 
Aronson and Touster (1974) 
Toda et al • ( 1975) 
Wisher and Evans (1975) 
Brown et al. (1976) 
Membrane 
Type 
Fragments 
Fragments 
Fragments 
Fragments+ Vesicles 
Fragments+ Vesicles 
Vesicles 
Fragments 
Fragments+ Vesicles 
Fragments+ Vesicles 
Fragments 
Fragments+ Vesicles 
Fragments+ Vesicles 
Fragments+ Vesicles 
Fragments+ Vesicles 
Fragments+ Vesicles 
Scharschmidt and Keeffe (1981) Vesicles 
P = low speed pellets 
M = post-mitochondrial fraction 
Origin 
p 
p 
p 
P, M 
p 
P, M 
p 
p 
p' M 
p 
M 
p' M 
p 
p' M 
p 
p 
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Figure l .6 Liver cell membranes 
(modified from Evans, 1977) 
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fractions, the procedures are often tedious and involved (Touster ~ 
~-, 1970); of variable purity, reproducibility and yield (House~ 
~., 1972; Inoue et al., 1983) and are often highly contaminated with 
membranes from other organelles, particularly the endoplasmic 
reticulum and Golgi apparatus (see Wisher and Evans, 1975; Taylor~ 
~., 1983a). Using rate zonal centrifugation (3-16 hr), Wisher and 
Evans (1975) have obtained membrane preparations claimed to be 
derived from the three membrane surfaces depicted in Fig. 1.6 in what 
is perhaps the most extensive liver plasma membrane study. This 
point will be discussed elsewhere in this thesis. 
Whereas high-affinity, Ca-activated ATPase has been 
described only recently in liver plasma membranes (Lotersztajn et 
~., 1981; Iwasa et al., 1982), in vitro Ca transport by purified 
plasma membrane vesicles has not been demonstrated except for three 
very recent studies (Famulski and Carafoli, 1982; Kraus-Friedmann~ 
~., 1982; Chan and Junger, 1983) performed using membrane 
preparations heavily contaminated with endoplasmic reticulum which 
are known to actively transport Ca (see below). Intact cell studies 
on the effects of alpha-adrenergic agonists on plasma membrane Ca 
fluxes have been performed using either hepatocytes or the perfused 
liver system (section 1.3.48) but are complicated by simultaneous Ca 
redistribution amongst intracellular organelles (Racker, 1980) and 
the use of non-physiological concentrations of extracellular Ca 
(reviewed in Taylor~., 1983). 
B. The endoplasmic reticulum 
The endoplasmic reticulum (ER) consists of an extensive 
network of tubules, vesicles and lamellae containing approx. 19% of 
total cell protein with important functions in drug metabolism, lipid 
and protein synthesis and glycogen metabolism (de Pierre and Dallner, 
1975). Inside-out vesicles and membrane fragments originating from 
the "pinching off" of ER, plasma membrane, Golgi apparatus, 
lysosomal, peroxisomal and mitochondrial membranes are located mainly 
in post-mitochondrial or "microsomal" membrane subfractions isolated 
from liver homogenates by high speed, differential centrifugation (de 
Duve, 1971). Populations of smooth and rough i.e. ribosome-associated 
ER membranes may be isolated within 6-20 hrs from liver tissue by 
combinations of differential centrifugation, discontinuous sucrose 
gradients, rate-differential and isopycnic density centrifugation 
using sucrose, CsC1 2 and metrizamide (Dallner, 1974; Gram, 1974) • 
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. Microsomal subfractions (the term "microsomal" is frequently 
adopted as an oversimplified synonym for "fragmented ER") are widely 
used in preference to the lengthy protocols inherent in obtaining 
more purified ER isolates in this tissue. This stems from detailed 
quantitative and analytical fractionation studies performed on liver 
microsomes by one research group (Beaufay et al., 1974; 1974a; 
Amar-Costesec ~-, 1974; 1974a) who have shown that the majority 
of microsomal membranes are ER-derived although Golgi and plasma 
membranes also are present. Nevertheless, substantial contamination 
by different organellar membranes from hepatocytes, Kupffer and 
endothelial cells highlights the heterogeneity of membrane 
composition in microsomes, a fact often overlooked in studies in 
liver and other tissues which employ microsomal preparations. 
Research into the transport of Ca by liver ER has been 
initiated only recently with an emphasis on the possible 
participation of this organelle in hormone-induced Ca redistribution 
in liver. MgATP-dependent Ca uptake by liver microsomes is biphasic, 
is stimulated by oxalate and demonstrates a high affinity for Ca. 
However, unlike the structurally-analogous sarcoplasmic reticulum of 
muscle tissue (section 1.2.3), maximal initial rates of Ca transport 
(approx. 25 nmol Ca/mg/min) are 100-fold slower (Moore et al., 1975; 
Farber et al., 1977; Bygrave, 1978a; Andi a-Waltenbaugh~ •• 
1980). Transport is azide and oligomycin-insensitive and may be 
further distinguished from mitochondrial Ca uptake by its 
insensitivity to ruthenium red (Bygrave, 1978a). Moreover, ruthenium 
red-insensitive Ca uptake in a "heavy" liver microsomal fraction 
(700,000xg.min) recently has been studied by Dawson (1982) and found 
to exhibit an apparent Km for Ca of 0.2µM and a Vmax of 16 nmol 
Ca/mg/min (oxalate-absent). 
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A stable increase in Ca uptake in isolated 11 heavy" 
microsomes has been reported following treatment of animals, perfused 
livers or hepatocytes with glucagon (Bygrave and Tranter, 1978; 
Taylor et al., 1979; Andi a-Waltenbaugh et al., 1980; Reinhart and 
Bygrave, 1981) or cAMP analogues (Taylor~., 1980). Insulin 
(Andi a-Waltenbaugh et al., 1980) and glucocorticoids (Friedmann and 
Johnson, 1980) also modify liver microsomal Ca uptake. Moreover, 
despite a limited Ca capacity of less than !Ong ions/mg protein, 
isolated liver microsomes are able to buffer ambient Ca, in the 
presence of mitochondria, down to less than 0.3µM (Becker~-
1980). These features argue for a potential role for this organelle 
in the maintainance of cytoplasmic-free Ca concentrations at 
physiological levels in vivo. 
c. The Golgi apparatus and other intracellular organelles 
The processing (covalent modifications such as 
glycosylation) -and sorting from the ER of newly synthesised proteins 
destined for the plasma membrane and intracellular organelles is 
performed by the Golgi apparatus, a highly polar stack of flattened 
membrane cisternae and small secretory vesicles which are present in 
all eukaryotic cells (Rothman, 1981). Golgi-enriched fractions have 
been isolated from rat liver by differential and sucrose density 
gradient centrifugation (Morre et al., 1970; Cheetham~., 1970; 
Fleischer and Kerving, 1974; Fleischer, 1974; reviewed in de Pierre 
and Ernster, 1977). Alternatively, loading of Golgi vesicles with 
very low density lipoproteins following ethanol treatment of animals 
permits the isolation within 8 hrs from liver microsomes of two 
highly purified Golgi fractions (GF3 and GF1+2, o=l.04-1.18g/cm 3) 
enriched in cis (adjacent to ER) and trans (opposite surface) 
membranes, respectively (Ehrenreich ~-, 1973; Bergeron~., 
1973; Wibo et al., 1981). A counter-current Golgi isolation 
technique also has been reported (Hino ~-, 1978). 
Ca transport in an approximately 85%-pure, Golgi-enriched 
rat liver fraction is ATP-dependent, oxalate-insensitive with a 
V of 6-7 nmol/mg/min and a K for Ca of 85µM (total) (Hodson, 
max m 
1978). Similar Golgi-localised Ca-transport systems recently have been 
advocated in other tissues using in vitro membrane preparations of 
considerably less purity (West, 1981; Neville et al., 1981). 
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The contribution of Ca-transport mechanisms in Golgi, nuclei 
and cellular microbodies towards total cell Ca homeostasis is 
unresolved. Despite the availability of isolation procedures (see 
Fleischer and Kervina, 1974), appropriate Ca-uptake studies are 
lacking possibly due to the very small component of total membranes 
represented by these organelles e.g. lysosomes, peroxisomes and 
secretory granules together account for less than one percent of 
liver membranes which suggest that a minor role if any might be 
ascribed to these putative Ca-transport systems. 
D. The mitochondrion 
Preparations highly enriched in liver mitochondria 
traditionally have been obtained from membrane pellets isolated at 
low g-forces (ca. 23,000 xg.min) using differential centrifugation 
(Bygrave et al., 1978). In addition, several novel techniques 
including Percoll density gradient centrifugation and modifications 
to cell disruption techniques recently have been used in an attempt 
to minimise isolation times (see Reinhart et al., 1982b). 
The in vitro transport of Ca into isolated mitochondria has 
been well characterised (see Nicholls and Crompton, 1980; Nicholls 
and Akerman, 1982 and Akerman and Nicholls, 1983 for recent reviews). 
The organelle has the capacity to rapidly sequester Ca (Vmax=lOOnmol 
Ca/mg/min, apparent K =2-5 l-M Ca depending on the Mg concentration) 
m 
and to lower ambient Ca concentrations to less than l µM. Uptake of 
Ca across the inner mitochondrial membrane proceeds via an 
electrophoretic uniport mechanism which is stimulated by Pi and 
potently inhibited by lanthanides and ruthenium red (Fig. 1.lh). 
Efflux of accumulated Ca may occur via a ruthenium red-insensitive, 
electroneutral Ca 2+;2H+ exchanger (Fig. 1.lk) (Ramachandran and 
Bygrave, 1981; Nicholls and Akerman, 1982) and, in some other 
tissues, extramitochondrial Na is able to induce an efflux of 
mitochondrial Ca (Carafoli and Crompton, 1978; Carafoli, 1979; 
0 
Nicholls and Akerman, 1982). 
Simultaneous operation of both influx and efflux mechanisms 
i.e. Ca cycling across the inner mitochondrial membrane may allow for 
rapid and versatile regulation of net Ca fluxes in vivo. Although the 
relationship between in vitro studies and the in vivo situation is 
unclear, stable changes in Ca-transport rates have been observed 
using mitochondrial preparations isolated from liver tissue following 
its pretreatment with the hormones insulin and glucagon, the 
catecholamines and alpha-adrenergic agonists (Taylor et al., 1980a; 
see By grave et al., 1982). 
1.4 RECENT DEVELOPMENTS AND THESIS OBJECTIVES 
A. The role of the mitochondrion in Ca homeostasis 
Although plasma membrane and ER-localised Ca pools have been 
implicated in the mechanism of adrenaline action in liver (Althaus-
Salzmann et al., 1980; Poggioli et al., 1980; Barritt~ •• 1981), 
much evidence has been assembled in favour of a predominantly 
mitochondrial-localised Ca pool which is mobilized in response to 
alpha-adrenergic stimuli in liver (Blackmore~ •• 1979; 1979a; 
Reinhart et al., 1982; Goldstone et al., 1983). Mobilisation of this 
Ca pool forms an obligatory step in initial (transient) alpha-
adrenergic responses including altered redox ratios and Ca and 
K-fluxes (Reinhart~ •• 1984a). However, the role of mitochondria 
as a "Ca buffer" in the maintainance of a new steady state of 
(elevated?) cytoplasmic Ca, and Ca redistribution during prolonged 
alpha-adrenergic stimuli recently has come under scrutiny following 
several new developments as listed below. 
1. The total Ca content of mitochondria rapidly isolated 
under conditions of minimal Ca sequestration has been established at 
a new, comparatively low value (2nmol Ca/mg protein, Reinhart~ •• 
1983b). This suggests that the trans-inner membrane Ca gradient may 
be as low as 20-fold and matrix-free Ca only approximately lµM (Coll 
~ •• 1982; Reinhart~ •• 1983a) thereby weakening the case for 
mitochondrial involvement as a powerful Ca buffer under physiological 
conditions. 
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2. Enhanced rates of Ca uptake in vitro are observed with 
1-5i}1 free Ca (Nicholls and Crompton, 1980), a concentration which 
may be too high to play a major role in vivo where glycogenolysis and 
plasma membrane Ca fluxes appear to be stimulated by sub-µM 
concentrations of free cytoplasmic Ca (Coll~., 1982; 
Reinhart et al., 1983c). The "set point" for mitochondrial Ca 
cycling (section 1.3.30) also is considerably higher than what is 
currently believed to represent the cytoplasmic-free Ca concentration 
of approx. 0.3µM (Becker~., 1980; Murphy et al., 1980; Bygrave 
et al., 1982; Coll~., 1982). Moreover, alpha-adrenergic 
stimulation recently is reported to elevate cytoplasmic-free Ca from 
approx 0.2µM to only 0.45µM (Murphy et al., 1980) or 0.6µM (Charest 
~., 1983) as determined using two different procedures: a 
null-point titration technique and a new fluorescent Ca indicator 
(Quin-2), respectively. 
3. Ambient Ca is buffered in vitro to 0.2µM by isolated 
microsomes. This is lower than the equilibrium (0.45µM) reached by 
isolated mitochondria (Becker~ •• 1980) and coincides with levels 
observed in digitonin-treated, "leaky" hepatocytes (Coll ~., 
1982). The presence of ruthenium red in that study argues in favour 
of the involvement of non-mitochondrial Ca transport systems in 
maintaining low cytoplasmic Ca concentrations in vivo. This is 
consistent with in vitro studies demonstrating a higher affinity for 
Ca of the ER Ca-transport system compared to the mitochondria 
(Bygrave, 1978a; Becker~., 1980; Dawson, 1982) and for multiple 
Ca pool involvement in alpha adrenergic-induced Ca redistribution in 
liver (Barritt~., 1981, Reinhart et al., 1982). 
The above arguments may ultimately be reconciled with a 
proposal that the role for the inner mitochondrial membrane Ca cycle 
lies in the control of intra-mitochondrial free Ca and Ca-sensitive 
enzymes rather than the control of cytoplasmic Ca (Denton and 
McCormack, 1980). 
B. Alpha-adrenergic responses at the liver cell membrane 
Efflux of cellular Ca across the plasma membrane presently 
represents the first detectable physiological response following 
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alpha-adrenergic receptor stimulation (Reinhart~., 1983a, 
1984a). This initiates a high rate of Ca cycling across the plasma 
membrane, possibly involving Ca gates, channels and ATPases, and 
correlates closely with early, transient physiological responses to 
alpha-adrenergic agonists (reviewed in Reinhart~., 1984c). Ca 
cycling _appears to be important in the maintainance of elevated 
cytoplasmic-Ca concentrations and is required for prolonged hormone 
responses which are dependent upon extracellular Ca (Reinhart~., 
1984a). 
In conjunction with the intact tissue studies above, a 
reappraisal of basic Ca-transport systems in liver plasma membranes 
in vitro was deemed necessary to overcome many of the problems 
associated with the multiple Ca-transport mechanisms which operate in 
the intact tissue (section 1.3.3). However, the unavailability of 
suitable plasma membrane preparations in vesicular form required the 
development of a new plasma membrane isolation technique. This forms 
the basis of this thesis. 
C. Objectives 
The aims of this thesis were two-fold. 
1. To isolate and partially characterise plasma membranes of 
low density from liver post-mitochondrial supernatant fractions. 
Such membranes, which are primarily in vesicular form, presumably are 
derived in the main from sinusoidal microvil li and as such are likely 
to contain hormone receptors and ion translocation systems which face 
the cell lumen. 
2. To initiate in vitro studies aimed at characterising Ca 
transport and CaATPase under carefully controlled conditions using 
vesicular plasma membranes as a means of elucidating the potential 
role of the liver cell membrane in hormone action in this tissue. In 
this respect, the potential use of vanadate as a means of 
distinguishing between plasma membrane and ER-localised Ca-transport 
mechanisms was examined, analogous to the prior use of ruthenium red 
in the study of mitochondrial Ca transport. 
CHAPTER 2 
EXPERIMENTAL 
2.1 PREPARATION OF LIVER HOMOGENATES 
Male, Wistar-strain rats of approx. 350g body wt were 
obtained from the Department of Biochemistry Animal House at the 
Australian N_ational University and were fed ad libitum prior to use. 
The animal was anaesthetised by intraperitoneal administration of 
sodium pentabarbitone (lOOmg/kg body wt). The liver was exposed and 
blanched to remove non-parenchymal material by severing the inferior 
vena cava and infusing Krebs-Henseleit buffer via the port~ vein. 
The bicarbonate buffer at 37 °C contained 120mM-NaC1 , 28mM-NaHC03, 
1.2mM-KH2Po4 , 4.8mM-KQ, 1.2mM-MgS04, 1.25mM-CaQ 2 and was 
equilibrated with o2:co2 (95:5) immediately prior to use. 
Perfusions were performed by hand (plasma membrane isolation) using a 
50ml syringe pl us 16-gau ge needle, or for 15 min at a fl ow rate of 
5ml /min/gm liver (endoplasmic reticulum-enriched fractions) 
essentially as described by Hutson et al. (1976) as modified by 
Reinhart et al. (1980). 
Excised lobes were rinsed with 0.25M-sucrose, 5mM-hepes/KOH 
(pH7.4), 0.5mM-EGTA at 4°C, weighed and homogenised by hand in the 
same medium (50% w/w) using 15 passes of a loose-fitting teflon 
pestle (clearance = 0.053cm) in a glass El vehjem-type homogeniser 
(Thomas, size C). For endoplasmic reticulum-enriched fractions, the 
medium~ so contained lmM-dithiothreit~, the pH was 6.8 and the 
homogenate (20% w/w) was obtained using 8 passes of the pestle. The 
crude suspension was either filtered through nylon gauze (0.5mm-mesh) 
(plasma membranes) or centrifuged at 480xg for 2 min in a Sorvall 
RC5-B refrigerated centrifuge equipped with an SS-34 rotor 
(endoplasmic-reticulum). The filtrate or supernatant, respectively, 
were designated as homogenate fractions. 
2.2 ISOLATION OF ENDOPLASMIC RETICULUM-ENRICHED MEMBRANE 
SUBFRACTIONS FROM LIVER MICROSOMES 
Four subcellular fractions were obtained by differential 
centrifugation of the homogenate fraction using a Sorvall RC5-B 
centrifuge (Table 2.lA). The supernatant from each step was re-
29 
Table 2.1 
Subcellular fractions from rat liver obtained 
by differential centrifugation and discontinuous 
sucrose density gradients 
A Differential centrifugation scheme 
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Speed 
Fraction Rotor Type (rev/min) (gav) 
Time 
(min) 
Yield (% 
homog. protein) 
1 
2 
3 
4 
3a-3d 
SS-34 
II 
II 
II 
SW-27 
3,000 
8,000 
17,000 
25,000 
B Discontinuous sucrose gradient 
Fraction %(w/v )-sucrose 
3a 70-80 
3b 50-60 
3c 45-50 
3d 30-45 
remainder 
1,085 
7,710 
34,890 
112,200 
5 
10 
20 
90 
Specific gravity 
( g/ cm3) 
1. 26-1. 30 
1.19-1.22 
1.17-1.19 
1.11-1.17 
34.:!:_5(n=3) 
15.:!:_ l ( II 
9~2( II 
38.:!:_4( II 
see below 
Yield 
(% fraction 
protein) 
27+7 
8+1 
3+1 
3+1 
58+4 
3 
centrifuged at higher g-forces to yield a series of pellets 
(fractions 1-3) and a final supernatatant (fraction 4) see Fig 2.1. 
Fractions 3a-3d were obtained by discontinuous sucrose density 
centrifugation of fraction 3 as follows: 
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The density of the microsomal pellet (fraction 3) was 
increased to ~60% (w/v) by the gradual addition of 80% (w/v)-sucrose 
at 4°C and careful blending on a vortex mixer. The suspension was 
gently homogenised with a single pass of a Thomas size AA tissue 
homogeniser before being placed above 600µ1 of 80% (w/v)-sucrose in a 
411 x 5/811 cellulose nitrate centrifugation tube (Beckman Corp.). 
Samples were overlaid with 3.0ml volumes of 60, 50, 45 and 35% (w/v)-
sucrose, the tubes filled with 20% (w/v)-sucrose and the gradient 
centrifuged at 112,200xg for 90 min in a Beckman L-2 refrigerated 
ultracentrifuge using a SW27.1 swing-out rotor. All sucrose 
solutions contained lOmM-KCl, 5mM-hepes hepes/KOH (pH 6.8) and lmM-
dithiothreitol at 4°C. Two sucrose gradients were prepared for each 
liver and all operations were performed at 4°C. Fractions 3a (500µ1) 
and fractions 3b-3d were collected from above and below the major 
membrane layer using a peristaltic pump-driven ESCO tube-piercer (see 
Fig. 2.1 ). 
2.3 RAPID ISOLATION OF A PLASMA MEMBRANE-ENRICHED FRACTION USING 
DISCONTINUOUS PERCOLL GRADIENT CENTRIFUGATION 
The liver homogenate was centrifuged at 7,710xgav for 10 
min in a Sorvall RC5-B centrifuge and the supernatant, together with 
any floating membranes carefully was removed from the pellet and 
congealed lipid using a Pasteur pipette. This was diluted with 1.5 
volumes of 75% (v/v)-Percoll* and 4x6ml aliquots were carefully 
transferred using a 10ml syringe to the bottom of pre-poured, 
discontinuous Percell/sucrose density gradients prepared in 15ml 
Corex tubes as outlined in Figure 2.2. Loaded gradients were 
* Commercially available Percell™ (o=l.130g/l) was slowly 
adjusted to pH 7.4 with HCl at 4°C, the refractive index was 
standardised at 1.3530 with H20 (designated 100%-Percoll stock) 
and solutions of 10-75% (v/v)-Percoll were prepared in 
0.25M-sucrose, 5mM-hepes/KOH (pH 7.4). Gradients were prepared 
with ice-cold buffers and used within 30 min. 
Figure 2.1 Fl0\'1 diagram of liver microsomal isolation 
and s ub-frac ti o na ti o n 
homogenate fraction 
1085xg /Smin 
fraction 1 
J, 
fraction 2 
5
1
1 
7,710xg/10min 
l 
J, 
fraction 3 
0/o (w/v)-sucrose 
20 
35 
45 
so 
60 
112,200xg ) 
90min 
80 
5
1
2 
34 ,BBOxg /20min 
l 
fraction 4 
-··· ······ fraction 3d 
__ fraction 3c 
i,,...-,.fraction 3b 
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Figure 2.2 Isolation of live r pla sma memb ranes on 
Perco l l g rad ients 
Rerfused liver I homogenisation 
crude susRension I filter 
homogenate fraction 
ijJ7,71oxg for 10min 
Rost-Rellet ~ 
SURernatant Rellet {discard} 
0/o Percoll vol fraction 
0 2ml A 
10 3ml B 
-
- 18 48,200xg 0 1.5ml .... . J C u :-:-:-_:_Z; L 25 1ml for 2min . . . . QJ 
a.. 30 1ml . ..... .... 
"'C) D "'C) 
ro 6ml 
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centrifuged at 48,200 x g for two minutes excluding acceleration av 
time in an SS-34 rotor fitted with rubber inserts, and deceleration 
took place with the brake applied. Milk-coloured membrane aggregates 
at the buffer/10%-Percoll interface (fraction Al Fig. 2.2) were 
collected by pipette and pooled. The total time required for 
isolation following liver excision was 35 min. 
5ml of fraction Al were incubated at 37°C for 10 min, 3ml of 
75% (v/v)-Percoll were added and the membranes were re-centrifuged on 
a second, modified, discontinuous Percoll gradient at 4°C in which 
2.5ml of 18% (v/v)-Percoll was substituted for the 18-30% layers. 
Fraction A2 was collected, incubated and re-centrifuged on a third, 
modified gradient to yield fraction A3 which was utilised without 
delay. 
For high reproducibility of membrane purity and yield, close 
attention to detail, in particular temperature, is essential (see 
e.g. de Pierre and Karnovsky, 1973). 
2.4 Ca TRANSPORT AND Ca-DEPENDENT ATPase 
Uptake of 45ca by freshly-isolated membrane vesicles was 
determined by a membrane filtration technique. Incubations were 
performed at 37°C in a 500µ1 volume containing 150mM-KCl, 5mM-
hepes/KOH (pH 7.4) and 50µM-EDTA. Membrane protein (0.5mg/ml) was 
pre-incubated for 120s prior to the addition of lmM-ATP (pH 7.4) and 
the required concentration of radiolabelled Ca {200 µCi /mmol Ca).* 
Aliquots of the medium were taken after 10-120s and filtered 
under vacuum through pre-soaked Sartorius membrane filters (0.2µ 
pore size) to remove non-sequestered Ca. Filters were immediately 
washed with 2.0ml of 150mM-KCl, 5mM-hepes/KOH (pH 7.4), 0.5mM-EGTA at 
4°C, dried, dissolved in 2:1 (v/v)-toluene:2-methoxy-ethanol 
containing 6g/l-butyl PBD and 1% (v/v)-Triton X-100. Samples were 
* Note: lOiM-free Ca= 132µM-total Ca (ATP present) or 60µM-total 
Ca (ATP absent); see appendix and section 2.70. 
counted for radioactivity to within 1% error using the 14c-channel 
of a Beckman LS-330 scintillation counter. Specific activities were 
determined by counting unfiltered aliquots. Initial rates of ATP-
dependent 45ca uptake were determined by drawing a tangent to the 
curve at zero time. 
Ca-activated ATPase was determined during a two to ten min 
incubation period by pi liberation (section 2.88) using identical 
assay conditions as described for Ca transport although in some 
experiments unlabelled CaC1 2 and 250l-M-ATP were used. In the 
absence of exogenously-added MgC1 2, free Mg was reduced to nM 
concentrations by the chelatory action of EDTA, which has a high 
affinity for both Ca and Mg (see appendix). All assays were 
terminated with the addition of 1ml of 20% (w/v)-TCA at 4°C and 
control incubations were terminated immediately following ATP 
addition. 
2.5 EPINEPHRINE BINDING ASSAY 
Epinephrine binding to cell membranes was performed at 25 °C 
in a 500 µ1 volume containing 50mM-tris/HCl (pH 7.4), 0. 8mM-Na 
ascorbate, 10mM-MgC1 2, 3mM-catechol, lOi,M-0,L,-propranolol/HCl (a 
S-adrenergic antagonist) and 20nM-yohimbine/HCl, (an alpha-2-
adrenergi c antagonist) by incubating membrane protein ( lmg/ml) with 
10-100nM-[3H]-epinephrine in the presence or absence of l µM-
prazosin (an alpha-1 adrenergic antagonist). After 30 min, 6x75µ1 
aliquots were filtered under vacuum through pre-soaked, glass-fibre 
filters (Gelman, type E). The filters were rinsed with 2.0ml of 
50mM-tris/HCl (pH 7.4), 0.8mM-Na ascorbate, 10mM-MgC1 2 and 30mM-
catechol, and assayed for [3HJ-radioactivity as described in 
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section 2.4. All buffers and solutions were oxygen-depleted 
immediately prior to use to prevent epinephrine oxidation, and 
membrane protein was extensively homogenised to dissociate aggregates. 
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2.6 ELECTRON MICROSCOPY 
Samples were fixed in equal volumes of 6%-glutaraldehyde in 
O.lM-cacodylate buffer (pH 7.4) for 3hr, washed (3x20 min) in O.lM-
cacodylate buffer and post-fixed using 1%-osmium tetroxide in O.lM-
cacodylate buffer for 90 min. Samples were again washed three times, 
stained ·en bloc in 2%-aqueous uranyl acetate (60 min), washed and 
series dehydrated in alcohols prior to embedding in Spu/~~~!lin. 
(1%3) 
Thin sections stained in Reynolds'A lead citrate stain were examined 
using a Philips 301 transmission electron microscope. Many different 
fields were examined and sampling was performed by cutting the 
pellet at various levels. 
2. 7 ENZYME ASSAYS 
A. Cytochrome c oxidase (EC 1.3.99.1), a mitochondrial marker 
was measured as described by Bygrave et al. (1978) at 20°C in a 1ml 
vol containing 100mM-KH2Po4 (pH 7.4), 0.05% (v/v)-triton X-100 
and 0.2mg/ml protein. Initial rates of cytochrome c oxidation were 
monitored at 550nm following the addition of 50µM (KBH 4-reduced)-
M 3 -1 -1 
cytochrome c. e: 550nm cytochrome c = 18.5x10 (1 • cm ). 
B KCN-insensitive, NADPH-cytochrome c reductase (EC 1.6.99.2), 
a marker for endoplasmic reticulum,was measured as described by 
Dallner et al. (1966) at 20°C in a 1ml vol containing 50mM-KH2Po4 
(pH 7.5), 0.33mM-KCN, O.lmM-NADPH, 0.05% (v/v)-Triton X-100 and 
0.15mg/ml protein. Initial rates of cytochrome c reduction were 
monitored at 550nm following the addition of 50µM-cytochrome c. 
C Catalase (EC 1.11.1.6), a peroxisomal marker was measured 
spectrophotometrically as described by Luck (1965) at 20°C in a 3ml 
vol containing 0.05% (v/v)-Triton X-100 and 30µj/ml protein. The 
rate of decrease in absorbance at 240nm upon the addition of .05% 
(v/v)-H2o2 in 60mM-(Na+K)-P04 was used as a measure of catalase 
activity. 
D UDP-gal actose:N-acetyl gl ucosami ne gal actosyl transferase (EC 
2.4.1.38), a marker for Golgi apparatus was measured in a 100µ1 
reaction volume using the procedure of Fleischer and Fleischer {1969, 
1969a) as modified by Bretz and Staubl i (1977) foll owing the failure 
of the former procedure to separate reaction products from other 
radioactive molecules using untreated Dowex affinity gels. 50µg 
mentrane protein were prei ncubated at 37 °C for 5 min in 40mM-Na 
cacodylate/HCl buffer (pH 6.6) containing 0.4% (v/v)-Triton X-100, 
40mM-MnCl 2, 40mM-2-mercaptoethanol and 40mM-N-acetyl 0-gl ucosamine. 
The reaction was initiated with 0.21mM-UDP-galactose (containing 
0.1 Ci uridine diphospho-D-[u-14cJ galactose) and terminated after 
30 min with 27 µ1 of 300µM-EDTA (pH 9.0) at 4°C. 100µ1 aliquots were 
transferred to 0.5cm x 2cm Dowex 2X8-400 columns (chloride form) 
previously washed with 3 bed volumes of 5% (w/v)-Na borate and rinsed 
to neutrality with H20. Samples were el uted with 3 x 1.0ml H20, 
collected in scintillation vials, dried and assayed for [14cJ-
radioactivity as described for 45ca uptake (section 2.4). N-
acetyl-D-gl ucosamine was omitted from control incubations. 
E Alkaline phosphatase (EC 3.1.3.1), a plasma membrane marker 
was measured as described by Pekarthy et al. (1972) at 20°C in a 3ml 
vol containing 200mM-tris/HCl (pH 10.5), 5mM-MgCl 2, 5mM- p-
ni trophenyl di sodium orthophosphate and 50µg/ml protein. Rel ease of 
p-nitrophenyl was monitored for 40 min at 420nm. 
E: M 3 -1 -1 
420 p-nitrophenyl = 14.0 x 10 (l .cm ). 
F Acid phosphatase (EC 3.1.3.2), a lysosomal marker, was 
measured as described by Baudhuin (1974) at 37°C in a 1ml vol 
containing lOOmM-Na acetate (pH 4.8), 5mM-EGTA, 0.2% (v/v)-Triton 
X-100 and O.lmg/ml protein. After 10 min preincubation, the reaction 
was initiated with 20mM- S-glycerophosphate and terminated after 10 
min with 200µ1 of 20% (w/v)-TCA. Liberated phosphate was determined 
in 1ml aliquots. 
G,H 5'-nucleotidase (EC 3.1.3.5), a plasma membrane marker, and 
Glucose 6-phosphatase (EC 3.1.3.9), a marker for the endoplasmic 
reticulum were measured at 37°C as described by Bygrave and Tranter 
(1978) in a 0.5ml vol. 5'-nucleotidase was determined by preincubation 
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of 401-19 protein in 50mM-tris/HCl {pH 7.8), 5mM-MgC1 2 and 0.06% 
(v/v)-Triton X-100. The reaction was initiated with 5mM-AMP and 
terminated after 15 min with 0.5ml of 20% (w/v)-TCA/4% (w/v)-SDS/4% 
(w/v)-Na ascorbate at 4°C. Liberated phosphate was determined in 
0.2-lml aliquots. Glucose 6-phosphatase was determined in a similar 
manner in 50mM-K maleate {pH 6.5) with lOmM-D-glucose 6-phosphate. 
Control incubations were terminated prior to addi t ion of substrate. 
I Ouabain-sensitive (Na+K)ATPase assay (EC 3.6.1.3). 
Ouabain-sensitive (Na+K)ATPase was determined by a modification of 
the method of Seiler and Fleischer (1982). 50 1-19 protein were pre-
incubated for 5 min at 37°C in 1ml of 120mM-NaCl, 20mM-KCl, 30mM-
imictazole/HCl (pH 7.5), lmM-MgC1 2, 0.5mM-EGTA, 5mM-NaN3 with or 
without lmM-ouabain. The reaction was initiated with lmM-Na 2ATP 
(vanadate-free) and terminated after 2 min with 1ml of 20%-TCA 
containing 5%-SDS and lOmM EDTA. Phosphate was determined in 1ml 
aliquots. (Na+K)ATPase activity was the difference between the 
activity with and without ouabain. 
J l 3HJ-ouabain binding was determined precisely as described 
by Mansier ~- {1983). 
K Inactivation of DNAase!by actin. Exposure of actin in 
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freshly isolated membranes was determined exactly as described by 
Grinstein and Cohen {1983) with the following modifications: {l) "wee 
brown mouse" DNA was diluted to give A260nm=0.6 in 150mM-tris/KOH 
(pH 7.5), 4mM-MgC1 2, lmM-CaC1 2, (ii) Freshly isolated rabbit 
skeletal muscle actin wasc:lep0 l1 me-vi3'i.J in 2mM-tris/NaOH (pH 8.0), 200µM-
CaATP, 0.1%-Na acetate and (iii) 700µ1 of DNA solution was mixed with 
5µ1 of lmg/ml-DN~se 1 following 15 min preincubation at 4°C with 50µg 
membrane protein with or without 2µ1 of 3% (w/v)-Triton X-100. The 
final volume was 725 µ1. 
L Alpha-glycerophosphate dehydrogenase, a mitochondrial 
marker, was determined by the procedure of Lee and Lardy {1965). 
50µg of protein were preincubated at 30°C in 50µ1 (final vol) 
containing 50mM-KH2P04 {pH 7.5), 2mM-KCN and 60mM-D, L-
alphaglycerophosphate. The reaction was initiated after 10 min with 
50µ1 of freshly prepared, (light-sensitive) INT solution i.e. 
50mM-KH2Po4 (pH 7.5) containing 250i.M - NAD, 2.5mg/ml phenazine 
methosul phate and 4mg/ml INT. Reactions were terminated after 15mi n 
with 1ml of ethanol plus 20µ1 of 10%-TCA at 4°C. Samples were 
centrifuged and formazan production in the supernatant was measured 
at 500nm using 
E:~OOnm = 18.5 x 10 3 (l-1.cm-l). 
2.8 CHEMICAL ASSAYS 
A Protein was determined by the method of Lowry et al. (1951) 
using bovine serum albumin {Sigma: fraction V) as a standard. 
Corrections were applied to compensate for colour and turbidity due 
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to the presence of hepes buffer and Percol l, respectively., b'::f. c.oV\ dvvc..-+ ,,,;j 
equ.',vo.. l~ t P.e.x c..otl t> u..ffexs VJ h ; c.-h d. : J.. Y\0 1 co ... i cu..:- p v-o+~ ,.., . 
B Inorganic phosphate was determined at 20°C using the 
colorimetric procedure of Baginski et al. (1967) in acid-treated 
samples which had been centrifuged for 1 min at 1,000xg • 1ml av 
samples were mixed in sequence with 0.4ml of 20% (w/v) - SOS, 0.2ml 
of 20%(w/v)-Na ascorbate in 20%(w/v)-TCA, 1ml of 1%{w/v)- NH 4 
molybdate in 20%{w/v)-TCA, and 1ml of 4%(w/v)-Na citrate+ 4%(w/v)-Na 
arsenite in 4%(w/v)-acetic acid. The absorbance was measured after 
30 min at 825nm. 
C Adenosine triphosphate (ATP) was prepared in de-ionised 
water and adjusted to pH 7.4 with KOH. Total ATP was determined 
spectrophotometrically using 
M 3 -1 -1 E: 259nm = 15.4 x 10 (l .cm ) 
and deterioration in frozen aliquots was routinely monitored by the 
firefly luciferin/luciferase assay (Lemasters and Hackenbrock, 1978). 
D Calcium content of buffers and reagents ( <5µM) was 
determined by atomic absorbtion spectroscopy as described by Reinhart 
~. (1983a) to permit accurate determination of total Ca in 
buffered solutions. 
E Ribonucleic Acid (RNA) was determined by the UV-absorption 
procedure of Fleck and Munro (1962). 
2.9 MATERIALS 
Millipore membrane filters came from Millipore Corp., 
Bedford Ma., U.S.A., Ge lman glass fibre filters were from Gelman 
Instruments, Mi., U.S.A. and Corex tubes were obtained from Dupont 
Instruments, Freehold N.J., U.S.A. 
Percell was purchased from Pharmacia Fine Chemicals, 
Upsalla, Sweden and Concanavalin A-Ultrogel came from LKB Producter 
AB, Bromma, Sweden. 
The radiolabels [14c]-UDP galactose, [G-3HJ-ouabain and 
45
caCl 2 were obtained from Amersham, Buck., U.K. and [N-methyl-
3HJ-epinephrine was purchased from New England Nuclear, Boston Ma., 
U.S.A. 
Sodium orthovanadate and INT came from BDH Chemicals Ltd, 
Poole, England. Na 3vo4.14 H20 was used to calculate the 
concentration of vanadate solutions which were prepared in 150mM-KCl, 
30mM-hepes/KOH (pH 6.8). Sodium metavanadate (NaV03.H20) was 
from Fluka AG, Buchs SG, Switzerland. Fresh vanadate solutions were 
prepared inmediately prior to each experiment. 
Dithiothreitol (Cleland's reagent), A23187 and K2ATP 
(vanadium-free) were obtained from Calbiochem-Behring, San Diego, 
Calif., U.S.A. and cytochrome c, p-nitrophenyl phosphate and Na 2ATP 
(vanadium-free) came from Boehringer GMBh, Mann:,heim, W. Germany. 
Prazosin was from Pfizer, Brooklyn, N.Y., U.S.A. and AMP came from 
C MeriJ<, Darmstadt, W. Germany. 
Calmodulin, Dowex, nucleotides and all other chemicals were 
from Sigma Chemical Co., St. Louis, Mo., U.S.A. or were of equivalent 
analytical grade. 
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CHAPTER 3 
INHIBITION BY ORTHOVANADATE OF LIVER 
MICROSOMAL Ca TRANSPORT 
3.1 BIOCHEMICAL ACTIONS OF ORTHOVANADATE 
In this study, the action of vanadate was examined in post-
mitochondrial (microsomal) preparations isolated from rat liver. 
Vanadium is an essential metal which is present in mammalian tissues 
(0.1-0.7 nmol/g wet wt.) in oxidation states of +4 (vanadyl, e.g. 
vo2+) and +5 or vanadate e.g. ortho- (voJ-), meta- (V03) 
and deca-vanadate (V 10 028 H
5
-) (Macara, 1980; Rubinson, 1981). 
Orthovanadate has been used extensively as an inhibitor in 
(Na+K)ATPase studies in many tissues following its identification as 
a contaminant (molar ratio, 1:3000) in Sigma ATP isolated from muscle 
(Cantley et al., 1977). Mg-dependent inhibition of the (Na+K)ATPase 
is potentiated by extracellular K, antagonised by Na and ATP (Cantley 
et al., 1977; 1978; Bond and Hudgins, 1979; 1980) and leads to the 
formation of a K-Mg-vanadate-enzyme complex (see Beauge and Glynn, 
1979). Reported values for apparent K1(V04) range from 10-lOOnM 
for (Na+K)ATPases from dog kidney and dog brain, and human 
erythrocytes (Cantley et al., 1977; Bond and Hudgins, 1979). 
Alternati ve ATPases which are also vanadate-sensitive (Klapp 
0.1-lµM) include ascites plasma membrane MgATPase, gastric and E.coli 
KATPase, dynein ATPase and erythrocyte NaATPase (Simons, 1979). 
Micromolar concentrations of vanadate inhibit (Ca+Mg)ATPases 
in a variety of tissues (Table 3.1). Vanadate inhibition exhibits a 
requirement for Mg and K. However, unlike the (Na+K)ATPase, Na 
potentiates inhibition of erythrocyte (Barrabin et al., 1980; Bond 
and Hudgins, 1980) but not brain (Ca+Mg)ATPases (Robinson, 1981). 
Moreover, vanadate binds to a single class of inhibitory sites on the 
erythrocyte (Ca+Mg)ATPase which may not be a regulatory ATP binding 
site, but rather a high-affinity, catalytic ATP site where the 
apparent K1 for inhibition by vanadate is an order of magnitude 
higher than values reported for the (Na+K)ATPase. 
ATP-dependent Ca efflux from squid axons (Dipolo et al., 
1979; Dipolo and Beauge, 1981; Baker and Singh, 1981) and ATP-
dependent plasma membrane Ca transport in erythrocytes (Niggli et 
~ •• 1981; Rossi~ •• 1981; Varecka and Carafoli, 1982) and rat 
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Table 3 .1 
Inhibition by Vanadate of (Ca+Mg)ATPases in Various Tissues 
Source 
human red cell membranes 
human red cell membranes 
human red cell membranes 
red ce 11 ghost membranes 
purified AT Pase 
ascites plasma membranes 
dog cardiac sarcolemma 
rat brain synaptic ATPase 
rat brain synaptic ATPase 
and 
I0.5*(µM) 
5-10 
1-5 
0.8 
0.4-0.9 
5-10 
0.6 
3.0 
0.8 
rat kindey cortex plasma membranes 0.8· 
rabbit skeletal muscle SR 12.0 
rabbit skeletal muscle SR 5.0 
dog cardiac SR 5.0 
islet cell plasma membrane and ER not 
inhibited 
Reference 
O'Neal ~. (1979) 
Bond and Hudgins (1980) 
Barrabin ~. (1980) 
Niggli ~. (1981) 
O'Neal et al. (1979) 
Caroni and Carafoli 
(1981) 
Robinson (1981) 
Moore~. (1981) 
Gmaj ~. (1982) 
O'Neal et al. (1979) 
Wang et al. (1979) 
Wang et al. (1979) 
Co lea et al. (1983) 
*Io.s = reported vanadate concentration resulting in half-maximal 
inhibition of (Ca+Mg)ATPase activity. 
heart sarcolemmal vesicles (Caroni and Carafoli, 1981) recently have 
been reported to be inhibited by micromolar concentrations of 
vanadate. Ca transport by SR in the latter study was found to be 
vanadate-insensitive, leading the authors to propose that vanadate 
may be used as a tool to distinguish between plasma membrane and SR 
Ca transport in membrane vesicles isolated from rat heart. 
Consequently, the following studies were designed to assess whether 
vanadate might be used in a similar fashion in microsomal fractions 
isolated from rat liver. 
3.2 SUBFRACTIONATION OF MICROSOMES USING SUCROSE GRADIENTS 
In initial experiments, vanadate was found to inhibit 
initial rates of 45ca uptake in a "heavy" microsomal membrane 
fraction from rat liver. In order to determine the cytological 
origin of this vanadate-sensitive Ca-transport system, a microsomal 
subfractionation procedure was developed (see section 2.2). This 
followed the successful demonstration of endoplasmic reticulum 
enrichment relative to plasma membranes using discontinuous sucrose 
gradient centrifugation of the "heavy" microsomal fraction. 
Floatation of low density plasma membranes away from the microsomal 
membranes was observed when microsomes were placed at positions of 
density greater than l.19g/cm 3 (50%(w/v)-sucrose) in sucrose 
gradients (Fig. 3.1). Attempts to use iso-osmotic Percell gradient 
centrifugation (section 2.3) or starting densities less than 
50%-sucrose (Fig. 3.1) were unsuccessful, and gentle tissue 
homogenisation by hand proved essential to minimise excessive 
microsomal fragmentation which would otherwise lead to less efficient 
membrane separation. Repeated sucrose gradients were without 
significant effect on further purification apart from a slight 
decrease in 5'-nucleotidase activity (not shown). Advantages of the 
fractionation procedure include consistent membrane purification and 
a single centrifugation step. This reduces isolation times and 
eliminates the requirement for pellet resuspension with subsequent 
retention of high rates of Ca-transport activity in subfraction 3a 
(Table 3.2). 
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Figure 3.1 Endoplasmic reticulum enrichment on 
discontinuous sucrose gradients 
Liver subcellular fraction 3 (Fig. 3.1) was placed at (0) 
30%(w/v)- and (t) 50%(w/v)-sucrose positions in a 
discontinuous sucrose gradient (step size= 10%(w/v)-
sucrose) and sub-fractionated as described in section 2.2. 
Membranes located at different gradient positions were 
examined for endoplasmic reticulum (glucose 6-phosphatase) 
and plasma membrane (5'-nucleotidase) markers. 
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Table 3.2 
Recovery of ATP-dependent Ca-uptake activity 
Initial rate % Fraction 3 % Recovery of Ca 2+-
Fraction (nmol /min/mg) protein uptake activity 
3 6.6 + 0.5 100 100 
3a 4.9 + 0.2 26. 7 19.7 
3b 3.1 + 0.4 8.3 3.9 
3c 1.04 + 0.07 2.9 4.5 
3d 0.55 + 0.05 2.7 0.2 
remainder 3.7 + 0.1 57.7 32.0 
TOTAL = 60% 
Uptake of 45ca was measured (section 2.4) in lOOmM-KCl, 
20mM-hepes/KOH {pH 6.8), 5mM-MgC1 2, 3.3mM-NH4 oxalate, 2.5µM-
ruthenium red, lmg/ml protein, 5mM-Na 2ATP (vanadate-free) and 
33nmoles Ca (total )/mg protein (approx. 1.5µM free Ca). 
Results are the mean+ SEM of 6-7 experiments. 
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Ruthenium red-insensitive Ca-uptake activity closely 
correlates with the distribution of endoplasmic reticulum (glucose 6-
phosphatase, NADPH-cytochrome c reductase) but not plasma membrane 
(alkaline phosphatase, 5'-nucleotidase) or mitochondrial (cytochrome 
oxidase) enzyme markers in 1 i ver fractions 1-3 and subfractions 3a-3d 
obtained from_ microsomal fraction 3 (Fig. 3.2). This strongly 
suggests that the Ca-transport system in fraction 3a in particular, 
associates primarily with membrane vesicles which originate in the 
ER. Fraction 3a membranes do not appear to be highly enriched in 
rough ER as indicated by a similar RNA content (14_::2 µg/mg protein) 
compared to fraction 3 (17_::3 µg/mg) and liver homogenate (10.6_:: 
0.8µg/mg) values (n=3). The mitochondrial marker cytochrome c oxidase 
essentially was undetectable in fraction 3a. 
3.3 CHARACTERISATION OF VANADATE-SENSITIVE Ca UPTAKE IN 
ENDOPLASMIC RETICULUM-ENRICHED FRACTION 3a 
Ca transport in fraction 3a decreases 10% within the first 
hour after isolation and exhibits a broad pH-optimum at pH=6.8. 
lOi.M-orthovanadate significantly inhibits the initial rate of ATP-
dependent, ruthenium red-insensitive uptake of Ca in fraction 3a 
(Fig. 3.3). Sigmoid~ kinetics of Ca uptake become apparent at 
higher vanadate concentrations coinciding with progressive inhibition 
of initial transport rates. Maximal (80%) inhibition of uptake is 
achieved at lOOi-M-vanadate with half-maximal inhibition observed at 
lOµM-vanadate (Fig. 3.4). 
Inhibition by vanadate of fraction 3a Ca transport is non-
competitive with respect to Ca as indicated by double reciprocal 
an~ysis (Fig. 3.5A). However the data of Figure 3.58 indicate that 
vanadate and ATP may compete for the same binding site on the Ca-
transporting ATPase. Vanadate action essentially is independent of 
the pH or buffer conditions used for the preparation of vanadate 
solutions (Table 3.3) and furthermore, ~though metavanadate ~ so was 
found to inhibit Ca uptake in ER-rich fractions 3 and 3a, Ca 
transport in fraction 3d (plasma membrane-enriched) is insensitive to 
both ortho- and meta-vanadate (Table 3.3). 
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Figure 3.2 Marker enzyme activities in liver subcellular 
fractions. 
The specific activities of ATP-dependent Ca uptake and 
marker enzymes for the endoplasmic reticulum, plasma 
membrane and mitochondria were determined in liver 
fractions 1-4 and microsomal subfractions 3a-3d (section 
2.7) in three separate fractionation studies. Results 
presented are mean values+ S.E.M. 
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Figure 3.3 Kinetics of 45ca uptake in fraction 3a: 
inhibition by vanadate. 
The kinetics of ruthenium red-insensitive, ATP-dependent 
45ca uptake (section 2.4) in endoplasmic reticulum-rich 
fraction 3a was examined in the absence (O) or in the 
presence of lOµM-{t); or 50µM-vanadate (•). 
ATP-independent Ca uptake also was examined (see inset). 
Refer to Table 3.2 for incubation conditions. 
Results shown are the mean+ S.E.M. for 7 separate 
experiments. 
12 
-C 
. cii 
..._ 
0 
'-a. 
~ 
0 
O'I 
E 
'-
~8 
-0 
E 
C 
+ 
N ,,, 
LJ 
L.f'l 
-T 
1.0 
0.6 
0.2 
0 
48 
f 
0 1 
time (mins) 
I · 
0 
• 
1 
time (mins) 
48a 
Figure 3.4 Inhibition by orthovanadate of initial rates 
of Ca transport in fraction 3a. 
Initial rates of 45ca uptake by four preparations of 
fraction 3a were measured in the presence of Oto lOOµM-
vanadate. The control rate with vanadate absent was 
4.79+0.15 nmol Ca/min/mg of protein (n=l2). 
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Figure 3.5 Kinetic analysis of the inhibitory action of 
vanadate. 
Initial rates of ATP-dependent 45ca uptake by fraction 3a 
were determined as a function of A total calcium ion 
concentration (SmM-ATP present) and~ total ATP 
concentration (33i.M total Ca present). Experiments were 
performed in the absence (0) or in the presence of 20i.M -
(I) and SOit-1-vanadate (•) and the results presented in the 
form of a Lineweaver-Burk plot. Data shown were obtained 
using~ 4 preparations and B 7 preparations of fraction 3a 
(mean of duplicates). 
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Table 3.3 
Inhibition of ATP-supported Ca uptake 
in liver fractions 3, 3a and 3d by lOµM-vanadate 
% inhibition of control rate 
Incubation 
ortho-vanadate dissolved in KCl buffer (pH 6.8) 
meta-vanadate dissolved in KCl buffer {pH 6.8) 
ortho-vanadate dissolved in H20 (pH 10.5) 
ortho-vanadate dissolved in H20 {pH 6.8 with 
HCl )* 
ortho-vanadate dissolved in 30mM-KH2P04 
(pH 6.8) 
ortho-vanadate dissolved in 30mM-NaOH {pH6.5) 
Control rates (vanadate absent), nmol 
Ca/min/mg protein: 
Fraction 3 Fraction 3a 
63 .::!:_ 2 ( 11) 39 .::!:_ 3 ( 13) 
55 + 1 ( 18) 27 + 3 (4) 
-
37 + 8 (3) 
-
25 + 7 (3) 
-
47 .::!:_ 10 (3) 
34 + 3 (2) 
6.68 .::!:_ .22 (27) 4.80 ±_ .11 (4) 
Note: 
--*-
Final concentration of KH2P04 and NaOH in assay= lmM, pH 6.8. 
yellow-coloured solution 
Fraction 3d 
2 .::!:_ 6 {6) 
3 .::!:_ 3 (2) 
.66 + .12 (17) 
Fractions 3, 3a and 3d were prepared as described in experimental section 2.2 and the 
initial rates of 45ca uptake measured in the absence and presence of l~M-vanadate. 
Fractions 3a and 3d are enriched in endoplasmic reticulum and plasma membranes, 
respectively. 
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3.4 DISCUSSION 
Vanadate has been heralded as "a new tool for biologists" 
{Simons, 1979) following reports on the potent inhibition of a 
variety of enzymes including {Na+K) and {Ca+Mg)ATPases. As a result 
of the present studies, the list of ion- pumping ATPases which have 
been shown to be vanadate-sensitive now may be extended to include 
the liver microsomal Ca-pump, whose distribution in subcellular 
fractions from rat liver correlates closely with membrane markers for 
the endoplasmic reticulum (Fig. 3.2). 
At low concentrations, vanadate inhibits the initial rate 
but not the steady-state uptake of Ca by microsomal membranes 
(indicating that inhibition is reversible) whilst at higher 
concentrations, steady-state rates also are inhibited (Fig. 3.3). 
Vanadate inhibition is non-competitive with respect to Ca (Fig. 
3.5). This is consistent with a lack of interactions between 
vanadate and hi-gh-affi ni ty Ca sites on the eryth'.Jocyte {Ca+Mg )AT Pase 
(Barrabin et al., 1980) although inhibition is partially overcome 
through an elevation in Ca concentration (Barrabin et al., 1980; 
Beauge et al., 1980 and present study (not shown)) possibly due to 
enzyme-protection as a result of Ca binding (O'Neal ~ •• 1979). 
Antagonism by vanadate of ATP-binding may reflect a common stable 
trigonal bipyramidal structure of VO~- and PO~- which 
enables the vanadate molecule to compete with phosphate in binding to 
a variety of enzymes including phosphatases, ribonucleases, adenylate 
cyclase and phosphofructokinase {Simons, 1979; Macara, 1980). 
Half-maximal inhibition of Ca uptake in ER-enriched fraction 
3a is observed with lOµM-vanadate (Fig. 3.4). Whilst similar values 
are reported for {Ca+Mg)ATPase inhibition in other tissues (table 
3.1), caution must be observed in direct comparisons of KI values 
owing to large variations in "purity" of enzyme or vesicle 
preparations used, and differences in assay procedures adopted. For 
example, inhibition of dog heart sarcolemmal Ca uptake occurs with 
KI (vog-) "' 0.6µM {Caroni and Carafoli, 1981). In that study, 
addition of 2µM vanadate to 30µg protein/ml corresponds to approx. 67 
nmoles V04/mg protein c.f. the present study wherein the addition 
of 50µM vanadate to 0.8mg protein/ml corresponds to approx. 63 nmoles 
V04/mg protein. Moreover, preincubation conditions may greatly 
affect vanadate efficacy (Wang et al., 1979) and 100% inhibition by 
vanadate generally is not observed. 
Caution must al so be exercised with regard to the active 
species of vanadium ion present in vanadate solutions. Orthovanadate 
(primarily H2 vo4 at neutral pH: (Cantley ~-, 1977; Werdan 
et al., 1980) is used in essentially all in vitro studies. However, 
these ions appear to be rapidly reduced to the +4 (vanadyl) oxidation 
state in vivo (Cantley and Aisen, 1979) which is much less effective 
in inhibiting (Na+K)ATPases (Vyskocil ~., 1981); and meta-
vanadate is thought to constitute the predominant species of vanadium 
ion in aqueous solutions of pH 4-8 (Rubinson, 1981). Moreover, a 
10-fold greater stimulation of NADH-oxidation by vanadate is observed 
with vanadium pentoxide or acidified orthovanadate solutions in 
comparison with vanadate solutions prepared in other buffers 
(Ramasarma et al • , 1981). Whilst this may be related to the stable, 
yellow decavanadate species generated upon acidification (Rubinson, 
1981), the effects of different buffers and pH on the efficacy of 
vanadate solutions in the present study was marginal (Table 3.3). 
Whereas these studies appear to contradict the findings of 
Caroni and Carafol i (1981) who studied membrane preparations only 
mildly enriched in plasma membrane and SR organellar markers, after 
this work was completed in 1981, reports have appeared in the 
literature which have elaborated upon the action of vanadate on 
CaATPases. In particular, fluorescence studies performed on isolated 
rabbit skeletal muscle sarcoplasmic reticulum (Pick, 1981; Dupont and 
Bennett, 1982) have identified a vanadate-induced lag phase in Ca 
uptake by SR vesicles. These studies al so have shown that phosphate 
and ATP competitively inhibit vanadate binding to a low-affinity ATP 
binding site which is exposed only when the enzyme is present in the 
stable, low Ca-affinity conformation. Demonstration that vanadate 
action is not restricted to plasma membrane~ocal ised CaATPases ~ so 
has been verified in a recent paper by Dawson and Fulton (1983) 
confirming the presence of a vanadate-sensitive Ca-transport system 
in "heavy" liver microsomes; and in a rat liver plasma membrane 
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fraction heavily contaminated with endoplasmic reticulum (Chan and 
Junger, 1983). 
Since the majority of intracellular vanadate is thought to 
be bound or complexed in a non-specific manner within the cell 
(Werdan et al., 1980) and reduction of cytoplasmic vanadate to the 
less-potent vanadyl ions occurs in many cellular organelles 
(Ramasarma et al., 1981), a physiological role for vanadate remains 
to be established. Nevertheless, vanadate would appear to represent 
a useful biochemical tool with which to discriminate between in vitro 
Ca fluxes across different subcellular organelles in liver and other 
tissues, particularly since Ca transport in purified liver plasma 
membrane vesicles will be shown to be vanadate-insensitive (chapter 
6). 
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CHAPTER 4 
DEVELOPMENT OF A TECHNIQUE FOR THE 
RAPID ISOLATION OF LIVER PLASMA 
MEMBRANES USING PERCOLL 
4.1 INTRODUCTION 
The isolation of plasma membranes from solid organs and rat 
liver in particular, can he complicated and severely disadvantaged in 
comparison to e.g. red cells because of multiple cell types, 
vascularity, connective tissue (e.g. collagen promotes membrane 
aggregation) and most importantly, plasma membrane heterogeneity -
particularly when only low membrane yields are obtained (section 
l.3.3A). The method used for tissue homogenisation may greatly 
influence ultimate membran.e purity hence the choice of medium, 
method, vigour and prior perfusion to remove erythrocytes and other 
non-parenchymal material, although seldom performed, requires careful 
consideration. 
Most techniques currently available for the isolation of 
liver plasma membranes are based upon the procedure of Neville (1960) 
and yield a morphologically heterogeneous preparation of vesicles and 
membranous sheets reinforced with tight junctions. Bile canaliculi 
remain relatively intact provided low shear forces are applied and 
vesicles which are generally canalicular in origin are obtained by 
vigorous re-homogenisation of this preparation (Coleman~-, 1967; 
Song~-, 1969; Evans, 1970; Toda~-, 1975; Brown~-, 
1976; Scharschmidt and Keefe, 1981). Hypotonic media (lmM-Na HC0 3) 
generally is used to facilitate cell disruption, thereby reducing 
necessary shear forces (Neville, 1960; Emmelot ~-, 1964; Song et 
~-, 1969) and variations including Ca (Ray, 1970) and borate 
additions (Darling and Le Page, 1973) have been introduced to modify 
membrane aggregation. The use of isotonic sucrose (Coleman et al., 
1967; Touster ~-, 1970; House~-, 1972; Tada et al., 1975; 
Brown~-, 1976) in preference to NaHC03 also has been adopted. 
Nuclei, mitochondria and lysosome disruption by hypotonic media which 
generates fragments from vesicles (Fujiki ~-, 1982) was not 
considered in most studies where the chemical and enzymatic 
composition of liver plasma membranes and not a particular property 
e.g. Ca-transport activity, were of major concern. 
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The most common membrane fractionation techniques employ a) 
differenti~ centrifugation i.e. particle separation on the basis of 
volume, shape, density and viscosity of both particle and medium, b) 
multiple hypotonic washes to remove mitochondria and microsomes and 
c) sucrose density gradient centrifugation where separation is based 
upon den?ity and osmol arity. An exception is the use of rate zonal 
centrifugation for 16hrs (Evans, 1970; Wisher and Evans, 1975). With 
Neville-type membranes, the final preparation generally has a density 
of 1.16-1.18g/cm3 although lighter membranes derived from the 
microsome fraction of density ~1.13 have been reported by House~ 
~. (1972). The Neville-type membranes are enriched approx 20-fold 
in plasma membrane-localised 11 marker 11 enzyme activity, and reduced by 
50-80% in ER enzyme markers relative to homogenate values. Yields 
are usu~ly less than 1mg protein per gm liver. 
Percoll is a non-toxic, 1 ow viscosity density gradient 
centrifugation medium consisting of polyvinylpyrrolidone-coated 
silica particles (approx 17nm) which easily are made isotonic. This 
medium primarily has been used in cell separation (e.g. from liver, 
Singh et al., 1983) and in the purification of subcellular organelles 
(reviewed by Pertoft et al., 1978). In particular, membrane 
preparations enriched 5 to 20-fol d in plasma membrane enzyme markers 
recently have been isolated in 1-2 hrs from rat fat eel 1 s (Bel sham ~ 
~., 1980), small intestine (Seal era~., 1980) and kidney cortex 
(Seal era et~., 1981), human platelets (Perret~., 1979), rabbit 
kic1ney cortex (Sheikh~., 1982) and mouse ascites cells (Record 
et al., 1982) using self-generating gradients of Percoll. 
The rapid isolation of mitochondria from rat liver i.e. 
within 6 min (Reinhart~., 1982b) using Percoll step gradient 
centrifugation suggested that plasma membranes al so might be isolated 
on discontinuous Percoll gradients in a comparatively short time. 
Besides the convenience of short protocols, a reduction in isolation 
time may minimise artifactual membrane perturbations inherent in 
lengthy protocols. This is an important consideration when 
extrapolating in vitro results to the in vivo system, and when 
retention of labile enzyme activities may be possible. Crucial 
experiments which ultimately have 1 ead to the development of a new 
plasma membrane isolation technique using Percoll (section 2.3) and 
which encompass a sizeable portion of the research effort will be 
examined bel ow. 
4.2 PERCOLL GRADIENT CENTRIFUGATION 
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In initial experiments it was found that discontinuous 
gradient centrifugation using Percoll could effectively separate 
plasma membrane and ER markers in a single 2 min centrifugation and 
that separation was more effective when the density of the starting 
material was increased with approx. 50%(v/v)-Percoll (Fig. 4.1). 
Membranes collected at the 10%-Percoll layer were enriched 10-fold in 
5'-nucleotidase and substantially reduced in glucose 6-phosphatase 
activity relative to homogenate values. Moreover, these membranes 
were 1 ow in a-gl ycerophosphate dehydrogenase activity and 
ATP-dependent Ca-transport rates were essentially insensitive to 
ruthenium red, rotenone and ol igomycin (Fig. 4.2). 
Further experiments established that similar membranes 
(designated fraction Al) could be obtained with only minor loss in 
yi el d from 1 i ve r post-mi toe hond rial (microsomal ) fractions with the 
added advantages of reduced gradient 1 oads and reduced mitochondrial 
contamination. Attempted modifications designed to reduce Gol gi and 
ER contamination included the use of starved animals, perfusion of 
livers with Ca-free buffer, changes to homogenisation media (e.g. 
omission of hepes, addition of EDTA, Ca etc), mild detergent or 
digitonin treatments and changes in temperature or protein 
concentration. Each change was directed towards altering vesicle 
densities or prevention of membrane aggretation. 
Of these approaches, incubation of fraction Al at 37°C prior 
to a second Percoll gradient centrifugation was deemed most effective 
on the basis of the recovery of protein (28%), 5'-nucleotidase (62%}, 
g~actosyl transferase (9%} and cytochrome c reductase (9%) 
activities (Table 4.1). Membrane purity was not enhanced using 
centrifugations of 1 onger than 2 min. 
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Figure 4.1 Distribution of plasma membranes and endo-
plasmic reticulum in Percoll gradients 
Marker enzyme distribution for plasma membranes (5 1 -
nucleotidase) and endoplasmic reticulum (glucose 6-
phosphatase) was examined in discontinuous Percoll 
gradients (1 expt.). Homogenate materi~ (3~ of 20%(w/v)-
protein in 0.25M-sucrose, lOmM-hepes (pH 6.8) was diluted 
to A) 30%; B) 40% or C) 50%(v/v) with Percoll, layered onto 
10-50%(v/v)-Percoll step gradients as shown, and 
centrifuged at 48,200xg for 2 min as described in section 
2.3. Dashed lines denote homogenate marker enzyme activity. 
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Figure 4.2 Distribution of Ca-transport activity in 
Pere ol l gradients 
A. 45ca uptake and a-glycerophosphate dehydrogenase 
activity (mitochondria) was examined in 1 i ver 
homogenates and in membranes col 1 ected at Percol 1 
step gradient interfaces as described in Figure 
4. lc. 
B. Ca transport was determined (see legend to Table 
3.2) in the absence (unshaded) and in the presence 
of 3µM-ruthenium red (shaded) in three separate 
experiments. Results are expressed as mean.:!:_ 
S.E.M. 
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Table 4.1 Modifications to Percell density 
gradients 
Plasma membrane-enriched fraction Al isolated from liver 
microsomes by Percell density gradient centrifugation was 
re-centrifuged on a second Percell gradient following 
various treatments. 
(i) control, membranes maintained at 4°C. 
(ii) membranes incubated at 37°C for 10 min. 
(iii) as for (ii) in medium containing 5mM-oxalate, 
5mM-Mg ATP, lOµM-EGTA and 380µM Ca Cl 2 • 
Specific marker enzyme activities and% recovery of 
fraction Al activity (in parenthases) were determined in 
fractions A2 and 82 (see accompanying Figure) as described 
in section 2.7. 
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I 1 . .. · . ·. · · · . · · · Al (100) 39 (100) 40 (100) 14 (100) 10 
.J. I 
20 I 
microsomal r 
I ~ A2 ( 16) 54 (22) 10 ( 4) 4 ( 5) fraction 30  5 "'-.... ,., . . 8 (35) 77 (69) 37 (32) 10 (25) I 10 
( i) 20 
L_~ 
..._~ ~ I ~ 
.. A2 (16) 87 (36) 5 (2) 5 (6) 
( 12) 86 ( 26) 24 ( 7) 4 ( 3) 
r, 
L (iil 
-~ 
I ,______, 
.. A2 ( 29) 49 {36) 35 ( 16) 16 (33) 
.. 82 (30) 53 ( 41) 35 ( 11) 11 (24) 
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Three consecutive Percoll gradients achieved near-maximal 
enrichment of plasma membranes over ER (Table 4.2) with highly 
variable yields and membrane purity associated with more than three 
gradients (not shown). Consequently, a plasma membrane fraction 
enriched 26-fold in 5'-nucleotidase was prepared routinely using 
three co.nsecutive Percoll gradients (section 2.3) with a yield of 4. 7 
~ 0.8 mg/lOg liver (n=6). More extensive purification of liver 
plasma membranes on Percoll gradients is unlikely, since fraction A3 
was observed to sub-fractionate into four discrete membrane bands on 
continuous, self-generating gradients of Percol l • These were 
constructed so as to incorporate only a small density range (1.02 to 
1.04 g/cm 3) as shown in Figure 4.3. Significant reduction of 
glucose 6-phosphatase activity was not observed in either of these 
membrane bands. 
4.3 DISCUSSION 
The new plasma membrane isolation procedure dev~ oped in 
this project and su1TT11arised in section 2.3 discloses some significant 
innovations over existing isolation techniques. Most notable is the 
very short preparation time: Membranes enriched 26-fold in 5'-
nucleotidase activity may be isolated within 90 min. Moreover, 35 
min total isolation time is all that is required to obtain membranes 
enriched 9-fold in 5'-nucleotidase activity, c.f. approx 16-18 hr for 
similar low-density, liver plasma membranes derived from the 
microsomes using alternative techniques (Wisher and Evans, 1975). 
The procedure is simple and highly reproducible since 
ult racentri fuges and other complex equipment are not required. 
Membrane res us pension is not performed at any stage and, as will be 
demonstrated in the following chapter, yields and purity of isolates 
are considerably better than those reported in procedures currently 
available for rat liver. A striking feature of the preparation is 
the low density (1.02 to l.04g/cm 3, Fig. 4.3) of the membranes. 
This may be attributed to the use of iso-osmotic media throughout the 
isolation and the high proportion of vesicles in this preparation 
(chapter 5). The high concentrations of sucrose employed in all 
previous studies induces a collapse of membrane vesicles with 
corresponding increase in buoyant density towards l.12-l.17g/cm 3• 
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Table 4.2 Consecutive Percoll gradients 
Crude liver plasma membranes (fraction Al) were repeatedly 
centrifuged on discontinuous Percoll density gradients as described 
in section 2.3 and marker enzymes for plasma membranes and 
endoplasmic reticulum were determined (section 2.7). 
Un its = µool Pi/hr /mg protein. 
Results presented are for a representative experiment. 
N 
\.0 
Fraction 
Homogenate 
Al 
A2 
A3 
A4 
AS 
A6 
% Fraction Al glucose 51 -nucleotidase: 
protein recovered 5'-nucleotidase 6-phosphatase glucose 6-phosphatase 
ratio 
-
( 100) 
·( 55) 
(47) 
{40) 
(32) 
(21) 
3.96 
33.5 {100) 
65.3 (107) 
79.9 {112) 
91. 2 ( 109) 
83.8 ( 80) 
73.8 ' (46) 
"O 
Q) 
2.4 1. 7 
3.3 (100) 10 
2.0 (33) 33 
1.4 {20) 57 
1.3 ( 16) 70 
1.2 {12) 70 
0.9 ( 6) 82 
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Figure 4.3 Continuous Pe re ol 1 gradients 
Plasma membrane fraction A3 was mixed with 10%(v/v)-Perco11 
( o=l.034g/cm 3) in 0.25M-sucrose (12ml final vol) and 
centrifuged at 50,000xgav for 30 min in a Beckman L2-
ul tracentrifuge using a type 65 rotor. 
Fractions 1-4 ( o=l.026-l .03g/cm3) were col 1 ected and 
examined for plasma membrane and endoplasmic reticulum 
markers as described in the text. Res~ts presented are 
for a representative experiment. 
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Several lines of evidence argue in favour of a predominantly 
sinusoidal surface origin for the membranes derived from Percoll 
gradients in this study. Firstly, blood sinusoids distribute with 
microsomes in centrifugation profiles as demonstrated by the binding 
of 
125
1-wheat germ aggl utan in foll owing intraportal injection prior 
to liver. homogenisation (Chang~ •• 1975; Taylor et al., 1983a). 
Secondly, the sinusoidal microvilli generate vesicles of approximately 
0.2Ji11 diameter in preference to large fragments upon homogenisation 
(Evans, 1980). Fraction A3 is predominantly composed of membrane 
vesicles which are enriched in (Na+K)ATPase, an enzyme which has been 
proposed as a marker for sinusoidal plasma membranes in this tissue 
(Inoue et al., 1983; chapter 5 this study). Finally, the density of 
sinusoidal membranes (approx. l.03g/cm 3) is believed to be 
considerably lower than alternative plasma membrane surfaces (Evans 
1977; 1980, Taylor~- (1983)). Moreover, the results presented 
in Figure 4.3 indicate that either a) glucose 6-phosphatase activity 
which persists in these membranes may represent an integral activity 
associated with plasma membranes derived from post-mitochondri~ 
fractions, b) plasma membrane and ER vesicles are irreversibly 
aggregated in this preparation or c) plasma membrane and ER vesicle 
density is so similar as to prohibit further effective separation on 
the basis of density alone. 
Coincident with the development of the Percoll technique has 
been the very recent publication of liver plasma membrane 
preparations believed to originate from the sinusoidal plasma 
membrane surface. Hubbard et al. (1983) describe an isolation 
procedure which takes 4-5 hrs for liver plasma membranes isolated 
from low speed pellets by sucrose gradient centrifugation. This 
preparation contains a much higher proportion of sinusoidal membranes 
compared to existing techniques. However, relative specific 
enrichment of plasma membrane markers was highly variable (15- to 
41-fol d) and the preparation was highly contaminated with ER (rel. 
spec. enrichment= 1~0.5). Taylor~- (1983a), using a 
modification of the method of Aronson and Touster (1974) used 
ultracentrifugation of microsomal membranes on linear Ficoll 
gradients. Al though those authors cl aim good separation of Gol gi, ER 
and plasma membrane markers, the fin~ preparation (0.3% of 
homogenate protein) was enriched only 23-fold in 
5 1 -nucleotidase. This was after more than 24 hours of combined 
centrifugation time and the preparation was still enriched 1.4- and 
26-fol d respectively in glucose 6-phosphatase and gal actosyl 
transferase activities • 
. Clearly, persistent Golgi and ER contamination are common in 
low-density, plasma membrane-enriched preparations from the post-
mitochondrial fraction (above, and Table 1.3). For these reasons a 
detailed analysis of the membrane composition of fraction A3 was 
undertaken as described in chapter 5. 
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CHAPTER 5 
SOME CHARACTERISTICS OF PLASMA MEMBRANES 
OBTAINED BY PERCOLL GRADIENT CENTRIFUGATION 
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5.1 ANALYTICAL VERSUS PREPARATIVE STUDIES 
A preparative rather than analytical approach has been 
applied to the vast majority of liver plasma membrane isolation 
techniques (Touster et al., 1970). The true identity of "so called" 
plasma membrane preparations usually is uncertain as a result of 
incomplete or insufficient analyses using marker enzymes. Increased 
specific activity alone frequently is preferred to complete balance 
sheets of enzyme recovery. Data often axe highly variable, and marker 
enzymes for Golgi apparatus and ER seldom are examined (see e.g. 
Inoue et al., 1983). Criteria for membrane purity have been either 
morphological (e.g. Neville-type, lateral plasma membranes are easily 
identified in electron micrographs, thereby forming the basis of 
virtually all liver plasma membrane analytical studies) or 
biochemical. The latter is more applicable to sinusoidal and 
canalicular-derived smooth membranes which are indistinguisable from 
smooth ER vesicles using electron microscopy (de Pierre and 
Karnovsky, 1973). 
Marker enzyme selection must be validated on two grounds. 
Firstly, considerable enrichment of specific activity must be 
possible, for example, 51 -nucleotidase activity is enriched 120-fold 
in erythrocyte membranes (Eylar and Hagopian, 1971). Secondly, the 
enzyme must be located predominantly in a single subcellular fraction 
(e.g. 85 - 90% of glucose 6-phoshatase and NADPH-cytochrome c 
reductase is localised in cytoplasmic particles, (Amar-Costesec and 
Beaufay, 1981). On this basis, a set of generally accepted enzyme 
markers for various subcellular organelles has been established (de 
Pierre and Karnovsky, 1973; Wallach and Lin, 1973; Evans, 1979). 
Problems of enzyme latency, deactivation or purification of a small 
membrane region containing an enzyme marker in abundance a~ best 
overcome by using as many markers as possible in addition to balance 
sheets for enzyme recovery (de Duve, 1971). 
In the following study extensive analytical marker enzyme 
analyses were performed to assess the distribution of subcellular 
organelles in Percoll gradients. The recovery and purity of plasma 
membranes in fraction A3 and the orientation and permeability of 
these vesicles also was assessed. 
5.2 MARKER ENZYME ANALYSIS 
Plasma membrane-enriched fraction A3 was shown to be highly 
enriched in 5 1 -nucleotidase activity as depicted by a 26-fold 
increase in homogenate specific activity (Table 5.1). The 
alternative plasma membrane marker alkaline phosphatase also was 
enriched 18-fold in this preparation whilst only a 5-fold increase in 
UDP-galactosyl transferase was observed. The preparation was 
substantially depleted of mitochondrial, peroxi somal and lysosomal 
activities (the latter being enriched in fraction Cl). Endoplasmic 
reticulum marker enzyme act-ivities in fraction A3 decline to 23-43% 
of homogenate values. 
Enzyme deactivation in the course of Percell plasma membrane 
isolation appears unlikely since close to 100% recovery could be 
demonstrated for all marker enzyme activities studied. An exception 
was acid and alkaline phosphatases, where minor latency was indicated 
(Table 5.2). Despite the loss of 58% of homogenate 5 1 -nucleotidase 
activity in the low speed pellet fraction, 28% of remaining 
microsomal activity was recovered in fraction A3. This followed 
three successive Percell gradient centrifugations and represents a 
recovery of 11% of initial homogenate enzyme activity and only 0.43% 
of homogenate protein. The pellet contained 82% of alkaline 
phosphatase activity although some error possibly due to enzyme 
latency is associated with this value (initial recovery= 138 + 34%). 
In contrast, markers for the ER generally remain at 
positions of comparatively high buoyant density ( >1.09 g/cm 3) in 
Percell gradients with a net recovery of only 0.1 to 0.2% of total 
homogenate activity in plasma membrane-enriched fraction A3. 
2.3% of homogenate UDP-galactosyl transferase activity was 
retrieved in fraction A3. Membranes from more dense organelles such 
as mitochondria were almost completely removed either in the initial 
centrifugation or following failure to redistribute in Percell 
gradients. Hence these membranes were collected in fraction Dl. 
Fraction A3 thus contained less than 0.1% of homogenate cytochrome 
oxidase, catalase and acid phosphatase activities. 
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Table 5.1 Specific enzyme activities in liver fractions. 
Marker enzyme activities in liver subcellular fractions 
obtained during the isolation of plasma membrane-enriched 
fraction A3 (section 2.3) were determined in 6 
fractionation studies. 
Fraction A3 enrichment refers to the ratio of enzyme 
activity in fraction A3 relative to the homogenate. 
CT\ 
'° 
ORGANELLE 
p 1 a sma 
membrane 
endoplasmic 
reticulum 
Golgi 
apparatus 
MARKER 
5'-nucleotidase (r mo 1 /mg/hr) 
alkaline phosphatase 
(nmol/mg/hr) 
NADPH cyt. c reduct. 
r,mo 1 /mg/hr) 
glue. 6-phosphatase 
y,mol /mg/hr) 
UDP-gal. transferase 
~,... mo 1 /mg/hr) 
mitochondria cytochrome oxidase 
y mol/mg/hr) 
peroxisomes catalase 
(arbitrary units) 
lysosornes acid phosphatase 
(rrno 1 /mg /min) 
Protein ( mg/lOg 1 i ver) 
Hom Pell. 
5.08 4.39 
+ .13 + .38 
-
.033 .045 
+ .011 +.010 
.79 .62 
+ .01 + .07 
-
3.5 3.7 
+ .2 + .4 
- -
11.0 3.0 
+ 1.0 + 2.0 
-
2.74 4.56 
+ .06 ~ .13 
-
1.6 1.3 
+ .2 + .4 
- -
33.0 47.2 
+ .7 + 4.8 
-
1096 655 
Supt Al Bl Cl 
5.23 45.6 35.9 13.6 
+ .46 + 4.4 + 4.1 + 1.8 
.049 .26 .25 .13 
+.015 + .06 + .04 + .01 
.87 .84 .91 .84 
+ .01 + .13 + .10 + .12 
-
3.7 4.3 4.5 5.0 
+ .4 + .4 + .3 + .3 
- - - -
21.0 259 100 25.0 
+ 2.0 + 51 + 26 + 6.0 
- -
.31 .76 N.D. N.D. 
+ .02 + • 54 
1.8 1.1 1.4 1.5 
+ .2 + .4 + .3 + .2 
- - - -
28.1 44 63 166 
+ 3.3 + 21 + 11 + 40 
- - -
420 18.6 11. 3 7.1 
N.D. = not determined 
01 A2 82 C2 D2 A3 enrich. n 
1.65 102 29.9 11. 9 9.4 130.5 26 4 
_: .21 + 11 + 3.3 
..: 1.3 + .7 + 6.8 
- -
.03 .62 .25 .13 .13 .58 18 3 
+ .01 + .15 + .07 + .05 + .02 + .09 
.86 .43 • 54 1.01 1.03 .18 .23 4 
+ .16 + .08 + .02 + .08 + .09 + .05 
3.2 2.4 1.8 4.9 3.3 1.5 .43 4 
+ .2 + .1 + .3 + .7 + .7 + .1 
- -
- - - -
2.5 142 N.D. N.D. N.D. 59.0 5.3 3 
+ .5 + 29 +11.0 
- -
N.D. .28 N.D. N.D. N.D. .28 .10 3 
+ .17 + .11 
1.2 .3 .9 N.D. N.D. .3 .18 2 
+ .5 + .1 + .1 + .2 
- -
- -
40 5.6 N.D. N.D. N.D. 3.4 .10 3 
+ 6 + .8 + 1.3 
- -
404 5.8 1. 9 3.4 8.2 4.7 6 
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Table 5.2 Balance sheet for marker enzyme recovery. 
The recovery of total enzyme activity was calculated for 
i) the initial centrifugation, and 
ii) and iii) Percell density centrifugations as 
described in Experimental section 2.3. 
All values presented are percentages of total homogenate 
activity. 
0 
,....._ 
ORGANELLE MARKER 
5'-nucleotidase 
p 1 a sma 
membrane 
alkaline phosphatase 
NADPH cyt. c reduct. 
endoplasmic 
reticulum 
glue. 6-phosphatase 
Golgi UDP-gal. transferase 
apparatus 
mitochondria cytochrome oxidase 
peroxisomes catalase 
lysosomes acid phosphatase 
protein 
Hom 
100 
100 
100 
100 
100 
100 
100 
100 
100 
' . 
Pell. 
58 
+ 5 
-
82 
+ 17 
-
47 
+ 5 
-
64 
+ 7 
-
16 
+ 7 
-
99 
+ 3 
-
60 
+ 7 
-
86 
+ 9 
-
59.8 
+ 1.2 
Supt Al 
39.4 15.2 
+ 3.5 + 1.5 
56.4 13.5 
+17.4 
_: 3.0 
42.4 1.8 
+ 0.6 + 0.3 
41 2.1 
+ 5 + 0.2 
-
73 40 
+ 7 + 8 
- -
4.0 .5 
+ .3 + .3 
-
-
31 1. 9 
+ 10 + .2 
- -
33 2.3 
+ 4 + 1.1 
-
38.3 1. 70 
+ 1.2 + • 34 
'. \'''I \' ... , 
Bl Cl 01 A2 82 C2 02 A3 RECOVERY x n 
7.3 1. 7 12.0 10.6 1.0 .7 1.4 11.0 i) 97 i + .8 + .2 + 1.0 + 1.2 + .1 + .1 + .1 + .6 ii) 92 93+2% 4 
- - - - -
- iii) 90 -
7.8 2.5 35.5 9.9 1. 3 1. 2 . 3.0 7.6 i) 138 \ + 1.1 + .2 + 3.4 + 2.4 + .3 + .2 + .5 + 1.2 ii) 105 119+10% 3 
-
- - - iii) 114 -
1.2 .7 40.3 .29 .12 .40 .98 .10 i) 89 
+ .1 + .1 + 7.6 + .05 + .02 + .03 + .09 + .03 ii) 104 ~ 97+3% 4 
- - iii) 99 -
1.4 • 95 34.4 • 37 .09 .44 .71 .19 i) 105 ~ + .1 + .05 + 2.1 + .02 + .01 + .06 + .15 + .01 ii ) 95 92+8% 4 
- iii) 77 -
9.4 1.5 10.1 6.8 N.D. N.D. N.D. 2.3 i) 89 ) 
+ 2.4 + .4 + 1.7 + 1.4 + .4 ii) 84 l 87_:3% 3 
- -
-
N.D. N.D. N.D. .05 N.D. N.D. N.D. .04 i) 103 
+ .03 + .02 103+3% 3 
.9 .6 28.0 .1 • 1 N.D • N.D. .08 i ) 91 ~ + .2 + .1 + 1.2 + .3 + .1 + .05 ii) 101 96_:5% 2 
-
- -
-
2.0 3.3 45 • 09 N.D • N.D. N.D. .04 i) 120 i + .3 + .8 + 7 + .01 + .02 ii) 159 140_:14% 3 
- - -
1.03 .65 36.9 .53 .17 .31 .75 .43 
i ! 16~ i102+2% + .13 + .10 + 1.1 + .14 + .02 + .04 + .17 + .07 6 
- ii 104 -
N.D. = not determined 
A comparison was made (Table 5.3) between liver plasma 
membranes isolated by the Percoll density gradient technique and the 
commonly-used preparation derived from low speed membrane pellets by 
the method of Neville (1960) as modified by Emmelot et al. (1964). 
Whilest 5'-nucleotidase and NADPH-cytochrome c reductase activities 
were similar in both preparations, enrichment of alkaline 
phosphatatase and cytochrome oxidase was substantially higher in the 
Emmelot preparation. This preparation, which took 4-5 hrs to 
isolate, produced less than one-half the membrane yield of the 
Percoll technique. These differences clearly are related to the 
dissimilarity in membrane-type and corresponding technqiues employed 
to isolate the two preparations (see discussion). 
5.3 ELECTRON MICROSCOPY 
Fraction Al obtained from Percoll gradients consists 
predominantly of a homogeneous population of smooth membranous 
vesicles (Plate 1). Fragmented membranes constitute only a minor 
proportion of total membranes with occasional lateral plasma 
membranes clearly apparent by virtue of adherent filamentous 
material. Electron-dense profiles e.g. lysosomes and peroxisomes, 
and flattened cisternal structures originating from the Golgi 
apparatus also are present although in substantially less 
proportions. Vesicles derived from the rough-ER and which are 
readily identified in microsomal preparations obtained using 
identical buffers to those adopted in this study (Reinhart and 
Bygrave, 1981) are seldom encountered in fraction Al (plate 1--.). 
Likewise, intact nuclei, mitochondria and collagen fibres are 
essentially absent from the preparation (see e.g. Fleischer and 
Kervina (1974) for a comparison). 
Morphometric studies performed using five separate 
preparations of plasma membrane-enriched fraction A3 (representative 
micrographs are shown in plate 2) consistently demonstrate smooth 
memhraneous vesicles with a mean diameter equal to 0.18 .:!:_ 0.04 µ (n 
= 50 profiles) and a quantitative reduction in electron-dense 
material. Whilst the cytological origin and degree of resealing of 
the vesicles cannot be ascertained using electron microscopy, the 
71 
Tab 1 e 5. 3 
A Comparison of plasma membrane preparations. 
Marker 
5 1 -nucleotidase 
al ka 1 i ne phosph.atase 
cytochrome oxidase 
NADPH cytochrome 
c reductase 
yield (mg/lOg liver) 
preparation time (min) 
Homogenate 
5.08 + .13 
• 033 + • Oll 
2.74 + .06 
• 79 + • 01 
Fraction 
A3 
131 + 7 
• 58 + • 09 
.28 + .11 
.18 + .05 
4.7 + .08 
75 
Emmelot et al. 
(1964) 
136 + 4 
2.7 + .7 
1.08 + .12 
.19 + .19 
2.0 + .6 
240 - 300 
Enzyme activities in fraction A3 (Table 5.1, n = 3-4) were 
compared to corresponding activities in two liver plasma membrane 
preparations isolated as described in Emmelot et al. (1964) and mean 
values are presented. Units for enzyme activity are as shown in 
Tahle 5.1. 
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Plates 1 and 2 Electron micrographs of membranes from 
Percoll density gradients 
1. Liver fraction Al, magnification = X 28,000 
2a-2d. Liver fraction A3, magnification a = X 21,000 
b = X 100,000 
C = X 100,000 
d = X 117,000 
The technique used for electron microscopic studies is 
described in section 2.6. 
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PLATE 1 
PLATE 2 
micrographs are entirely consistent with marker enzyme data (Tables 
5.1 and 5.2) indicating a highly-enriched plasma membrane preparation 
with minor contamination by smooth-ER and Golgi membranes (plate 2b) 
(see discussion in section 5.6). 
5.4 PLASMA MEMBRANE ORIENTATION AND PERMEABILITY 
A. General 
The extent of re-sealing associated with plasma membrane 
vesicle preparations has be.en assessed in membrane fractions isolated 
from several tissues (Steck~., 1970; Bers~., 1980; Akyempon 
and Roufogalis, 1982; Seiler and Fleischer, 1982; Sips~., 1982; 
Mansier ~., 1983). This has been determined by examining the 
accessibility of a substrate to the active site of an enzyme which 
has been shown to be localised on one side only of the plasma 
membrane. Enzymes which face the intravesicular space of 
tightly-sealed vesicles are inaccessible to added substrate unless 
the membranes are made permeable to substrates by incubation with 
mild detergents or freezing and thawing. 
In light of the high proportion of membrane vesicles which 
is apparent in electron micrographs of the plasma membrane-enriched 
fraction A3 (plates 1 and 2), the extent of inversion of membranes to 
form sealed, inside-out vesicles was examined using this approach. 
The results thus obtained were regarded as estimates only, since some 
important assumptions are made in adopting this experimental approach: 
(i) Enzyme activites are characteristic of, and evenly 
distributed on, all plasma membrane surfaces. 
(ii) Maximum resolution of latent activity correspondsto 
100% of enzyme activity in the preparation. 
(iii) The concentration of detergent which is selected does 
not exceed the "critical micelle concentration" above 
which, direct inhibition by detergent of enzyme 
activity may eventuate. 
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In the present study, alternative enzyme activites and optimal 
detergent concentration profiles always were performed in an attempt 
to meet these requirements. 
B. Proportion of sealed inside-out vesicles (IOV) 
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The accessibility of 5'-AMP and ouabain to their 
extracellular-facing binding sites on the ectoenzymes 5'-
mononucleotidase (Mansi er et al., 1983) and the (Na+K)ATPase (Sips~ 
2.l_., 1982) was determined in freshly-isolated membranes by phosphate 
liberation and [3HJ-ouabai~ binding, respectively (see legend to 
Fig. 5.1). A latent activity corresponding to approx 20% of total 
enzyme activity was observed for both enzymes following multiple 
freeze/thaw cycles or incubation of freshly-isolated membranes with 
the detergents Triton X-100, sodium deoxycholate or sodium dodecyl 
sulphate. Optimum detergent concentrations showed close agreement 
with reported values in other tissues (Jorgensen and Skov, 1971; 
Seiler and Flei~cher, 1982; Grinstein and Cohen, 1983). The levels 
of ouabain binding and the low value of non-specific (i.e. total -
specific) [3H]-ouabain binding also corresponds well with published 
data (Mansi er et al., 1983). Preliminary attempts to promote more 
extensive re-sealing by prolonged incubation of membranes at 25°C in 
the presence of 4mM-MgC1 2 and 0.5 mM-CaC1 2 (Akyempon and 
Roufogalis, 1982) failed to increase the proportion of sealed lOV 
above 23% (data not shown). 
c. Proportion of sealed, right-side-out vesicles (RSOV) 
The ability of actin which is exclusively located on the 
cytoplasmic-facing plasma membrane surface to inhibit DNAase 1 
activity in a recently developed in vitro assay has been described as 
being applicable to essentially all cell types (Grinstein and Cohen, 
1983). This was used to provide a direct measure of the proportion 
of plasma membrane vesicles sealed in the right-side-out orientation. 
No appreciable latency in DN:ase deactivation by actin was 
observed (Fig. 5.2A) and this implies a very low proportion of 
sealed, RSOV in fraction A3. Some error may be associated with this 
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Figure 5.1 
Determination of the proportion of inside-out vesicles (IOV) 
A. (1) 51 -nucleotidase was determined in freshly isolated 
membranes as described in section 2.7G with the 
following modifications: The assay contained 
150mM-KCl with or without .075% (w/v)-Triton 
X-100 •. Control incubations in the absence of 
detergent also were performed following a 30 min 
preincubation of membranes (lmg/ml) at 25°C with 
SOS (0.3 mg/mg protein). 
(II) Representative control experiments. 
B. [3H J-ouabain binding was determined in freshly 
isolated membranes and was repeated after 5 freeze/thaw 
cycles as described in section 2.7J. Duplicate assays 
also were performed on thawed membranes following 30min 
preincubation of protein (lmg/ml) with Na deoxycholate 
(0.8mg/mg protein) at 25°C. Total and specific binding 
refers to binding of 5xl0-7M -[3HJ- ouabain in the 
absence and in the presence of lmM-unlabelled ouabain, 
respectively. 
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A 5'-nucleotidase latency (7 experiments) 
(i) 
Fresh Membranes S 
+ Triton sealed 
cont rol X- 100 +S .D.S. IOV 
mean 1. 45 1. 76 
. 10 
1. 78 
. 08 
18 
S. E.M. . 09 
units=!'moles P,/min/mg protein 
B [3H ]-ovaba in binding 
- (4 experiments) 
mean 
S. E. M. 
2 
+-
0 
'-a. 
Ol 
E 
.._ 
C 
·E 1 
.._ 
l/1 
QI 
0 
E 
::::i. 
(i i ) 
,.,,,,,,,,.-· .............. -. 
_.../ ·-· 
·-· 
. . . . . . . . . . . . . . . . . . . . - ... ... . . . ..... . 
·05 ·1 ·2 ·4 
% (v/v) tr iton X-100 mg S.D.S / mg prot . 
Fresh memb ranes I Thawed Membranes s 
tot a specific binding sea l ed bindin IOV 
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Figure 5.2 
Assessment of membrane intactness 
A (1) The amount of exposed actin was determined in 
freshly isolated membranes using an in vitro 
DNAasel assay as described in section 2.7K. 
Freshly isolated rabbit skeletal muscle actin was 
used as a standard. 
(11) Control rate= .012 OD units/min. 
B (1) Latent ouabain-sensitive (Na+K)ATPase in fraction 
A3 was determined following a 30 min preincubation 
at 20°C of membranes (lmg/ml) in buffer containing 
0-0.7mg SOS/mg protein. 
(11) (Na+K)ATPase was determined using MgEDTA buffers 
in the absence (- --) and in the presence (~) 
of ouabain as described in section 2.71. 
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technique however, since a Triton X-100-induced depolymerisation of 
F-actin to G-actin may occur, and membrane-bound actin was apparently 
unstable during freeze/thaw treatment (not shown). However, the 
sensitivity of the assay to small amounts of actin in fresh membranes 
and the potentially high latency of the activity previously reported 
in lymphocyte membranes (Grinstein and Cohen, 1983) together with 
similar standard inhibition profiles in that report and in the 
present study both argue in favour of a quantitatively inappreciable 
proportion of vesicles sealed in the right-side-out orientation 
within the plasma membrane preparation. 
O. Proportion of total, sealed membrane vesicles 
Ouabain and ATP bind to opposite sides of the membrane-
spanning enzyme, (Na+K)ATPase. Consequently, latent 
ouabain-sensitive, (Na+K)ATPase activity frequently has been used to 
assess the total proportion of sealed vesicles in plasma membrane 
preparations siAce this activity is not expressed in vesicles which 
are impermeable to either ouabain i.e. sealed in the lOV orientation, 
or ATP i.e. sealed in the RSOV orientation (Bers et al., 1980). 
Less than 25% of fraction A3 plasma membrane vesicles were 
tightly sealed as could be determined from the expression of latent 
(Na+K)ATPase activity using optimum concentrations of SOS to enhance 
membrane permeability (Fig. 5.2 Bi). SOS was used in preference to 
Triton X-100 since the latter detergent was found to directly inhibit 
both (Na+K)ATPase activity and [3HJ-ouabain binding to the enzyme 
(not shown). Accurate assessment of the proportion of sealed 
vesicles also may be hindered by the high ouabain-insensitive 
component of MgATPase in this preparation (Fig. 5.2Bii*), a problem 
which is not considered in similar studies performed by other groups 
(Perrone and Blostein, 1973; Bers et al., 1980; Mansi er et al., 
1983). Nevertheless, the data obtained in these experiments are 
compatible with the results presented in the above sections and 
together suggests that plasma membrane fraction A3 comprises 25% of 
tightly-sealed, substrate-impermeable vesicles of which the majority 
retain an inverted (lOV) orientation. 
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Plasma membrane vesicles in liver microsomes have been shown 
to be primarily of the RSOV orientation using a freeze-fracture 
technique (Losa~., 1978) with implications that most of the 
incompletely-sealed vesicles in fraction A3 membranes also are likely 
to be RSOV-orientated. Attempts therefore, which are directed solely 
towards promoting membrane re-sealing would be unlikely to 
significantly increase the proportion of sealed lOV in the 
preparation. This was indeed observed to be the case (not shown). 
Consequently, in the following study the removal of RSOV and membrane 
fragments using Concanavalin A-Utrogel affinity chromatography was 
attempted. 
E. Concanavalin A-Ultrogel affinity chromatography 
Preliminary studies designed to increase the proportion of 
lOV in fraction A3 membranes using Concanavalin A-Ultrogel affinity 
chromatography were without success. This approach, which selects 
for exposed glucose and mannose residues, has been successfully 
applied to heart sarcolerrrnal studies (Mas Oliva~., 1980; Mansier 
~., 1983). However, since the resultant membrane preparations in 
those studies were highly permeable (Mas Oliva, 1982) and following 
unsuccessful attempts by other groups to purify lOV from rat liver 
plasma membrane preparations (Sips et al., 1982), this approach was 
not persued in the present study. Moreover, the required washing of 
plasma membranes to remove sucrose (Resch~., 1981) resulted in 
severely diminished Ca-transport rates in fraction A3 membranes (data 
not shown). 
5.5 EPINEPHRINE BINDING STUDIES 
Two classes of alpha-adrenergic binding sites (alpha-I and 
alpha-2) are present in liver plasma membranes in the ratio of 
approx. 4:1 (Hoffman et al., 1980, 1980a). Ligand-binding studies 
have involved the use of the non-subtype-selective radioligand 
[3H]-dihydroergocryptine (DHE) which presumably labels the entire 
alpha receptor population (Clark et al., 1978; Hoffman et al., 
1980a). These studies are combined with [3HJ-DHE displacement 
using ligands which exhibit greater affinity for alpha-I and -2 
receptors, i.e. prazosin and yohimbine, respectively (summarised in 
Table 5.4). Alternatively, binding of [3HJ-prazosin, an alpha 1-
antugonist and [3H]-yohimbine, an alpha-2 antagonist, in the 
presence of unlabelled epinephrine, recently has confirmed the 
findings of previous studies (Hoffman et al., 1981). 
Significant controversy exists regarding the choice of 
agonists to measure physiologically-coupled alpha-1 sites. Moreover, 
existing techniques are complicated by membrane dynamics including 
intracellular processing of ligand-receptor complexes, changes in 
receptor and pro-receptor structure during membrane purification, 
multiple receptor forms and activity states, as well as receptor 
denaturation (discussed in Reinhart et al., 1983d). Consequently, 
[3HJ-epinephrine binding to fraction~lasma membranes was 
examined simply to provide a qualitative comparison with Neville-type 
plasma membranes which have been used in all previous binding 
studies. The physiologically-relevant ligand epinephrine was used 
since although alternative ligands (e.g. prazosin) specifically bind 
to alpha-1 receptors with high affinity, only a subgroup of the 
alpha-1 receptor population may be directly coupled to effector 
systems (see Taylor et al., 1983). The epinephrine concentration 
used was sufficiently high as to bind the entire alpha-1 receptor 
population, since earlier studies using low concentrations of hormone 
(10 fmol/mg protein) have been shown to bind predominantly to alpha-2 
sites only (Hoffman et al., 1980). 
Under the conditions employed in these experiments, liver 
plasma membranes isolated using the new Percoll technique 
specifically bind epinephrine (approx 100 fmoles/mg protein) at 
levels which are six-fold higher than those observed when using 
membranes isolated by the Emmelot et al. (1964) procedure (Fig. 
5.3). These preliminary results highlight the suitability of the new 
isolation procedure in the study of blood-sinusoidal e.g. hormone 
receptor-related, membrane functions. 
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Table 5.4 
Developments in alpha-adrenergic receptor binding 
assays using plasma membranes from rat liver 
STUDY 
Clarke et al. (1978) 
Guelaen et al. (1978) 
Aggerbeck ~. (1979) 
El-Refai et al. (1979) 
Hoff man et a 1 • ( 1980) 
Hoffman et al. {1980a) 
Hoffman et al. (1981) 
COMMENTS 
*DHE labels entire alpha receptor 
population 
1 class of receptors, (- 1500 fmol/mg), 
KD=2-5nM 
*DHE binding sites are mainly alpha-1 
*DHE binding studies are MISLEADING 
measures *epi binding+ phenoxybenzamine 
epi sites; 120frrol/mg-; KD=50nM (= 
physiological alpha 1 receptor?) 
DHE sites; 1275 frrol/mg, Ko=350nM 
*DHE label entire alpha receptor 
population {80% = alpha-1) 
*epi labels alpha-2H receptor 
population (10% of total) hence epi may 
have bound to alpha-2 sites in above 
study. 
at low [epi], only guanine-sensitive 
alpha-2H sites are labelled. 
at high [epi], apha-1 (83% of total) 
and alpha-2 (17% of total) sites are 
1 a bell ed. 
method used: *DHE or *epi displacement 
with prazosin or yohimbine. 
confirm results of above study using 
*prazosin and *yohimbine binding to 
epi -treated membranes. 
Abbreviations * denotes radio label. 
DHE dihydroergocryptine 
epi epinephrine. 
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Fi gure 5.3 [3HJ-epinephrine binding to liver plasma 
membranes. 
[3HJ-epinephrine binding to Percoll fraction A3 membranes 
(A); and Emmelot et al. (1964) plasma membranes (B) was 
performed as described in section 2.5. Four separate 
experiments were performed using two preparations each of 
Emmelot and fraction A3 membranes. Mean results+ SEM are 
presented. 
=> 
3: 
ro 
""CJ 
s · 
ro 
""CJ 
=,-
-, 
=> 
ro 
\J1 
C) 
-C) C) 
-\J1 
C) 
\J1 
C) 
-0 
0 
-Vl 
0 
specific epinephrine binding (fmol / mg protein) 
N 
C) CX> C) 
-C) 
C) -
N 
C) 
)> 
OJ 
83 
5.6 DISCUSSION OF FRACTION A3 MEMBRANE COMPOSITION 
5'-nucleotidase activity has been the plasma membrane marker 
enzyme of choice in liver based upon its exclusive enzyme 
localisation in both bile canalicular and sinusoidal plasma membrane 
surfaces (de Pierre and Karnovsky, 1974; Evans, 1980). Relative 
specific ·activities of 5'-nucleotidase in liver plasma membrane 
preparations range from 11- to 24-fold (Touster ~ •• 1970). 
Higher values seldom have appeared in studies with liver and 
variability in such reports is usually unacceptably high or balance 
sheets for enzyme recovery are unavailable (Wisher and Evans, 1975). 
The Neville-Emmelot preparation has been isolated with inconsistent 
purity by other workers (Graham~ •• 1968) with as low as 11-fold 
enrichment of 5'-nucleotidase (Maeda et al., 1983) and often with 
substantial mitochondrial contamination (Touster ~ •• 1970; 
Cheetham et al., 1970; Table 5.3 this study). 
An 80-fold enrichment of alkaline phosphatase activity in 
Neville-type membranes in this work contrasts sharply with a less 
pronounced enrichment in the membranes from Percoll gradients (Table 
5.3 ). Alkaline phosphatase and 5'-nucleotidase activities partially 
have been separated on sucrose gradients (House et al., 1972). 
Indeed, evidence has been presented for a bile canaliculi-localisation 
of the enzyme alkaline phosphatase (Darling and LePage, 1973; 
Scharschmidt and Keefe, 1981; Inoue~ •• 1983). This implies that 
canaliculi membranes, which usually sediment at low g-forces (Evans, 
1980; Emmelot preparation, present study) are considerably less 
enriched in fraction A3 than in comparison to other liver plasma 
membrane preparations. 
The use of alternative plasma membrane markers to 
characterise fraction A3 was not persued following controversy over 
the precise membrane location of these enzymes (Fig. 1.6). Adenylate 
cyclase, for example, is not exclusively localised in the plasma 
membrane of various tissues (de Pierre and Karnovsky, 1973) and 
arguments for exclusive sinusoidal (see Inoue et al., 1983) and 
lateral membrane (Poupon and Evans, 1979) localisation of (Na+K)-
ATPase have been proposed. The reliability of plasma membrane 
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markers such as phosphodiesterase, which themselves are enriched in 
membrane fractions purified on the basis of other plasma membrane 
markers, is difficult to assess (de Pierre and Karnovsky 1973). 
Estimates of approximately 90% minimal plasma membrane composition in 
membrane preparations have been calculated on the basis of 20- to 
23-fold enrichment of 5'-nucleotidase activity (Junghans and Morre, 
1973; Jelsema and Morre 1978). Such calculations are, however, 
controversial. For example, the preparation may be enriched in small 
membrane fragments which contain a particular marker in abundance, 
and the possibility of Golgi and ER markers comprising intrinsic 
plasma membrane constituents cannot be eliminated. These arguments 
ultimately prohibit anything but approximate calculations to be made 
and subject to the validity of such approaches, fraction A3 arguably 
could be described as of at least comparable if not higher purity to 
the above preparations. 
Glucose 6-phosphatase and NADPH-cytochrome c reductase are 
localised on smooth and rough ER vesicles (Leskes ~., 1971; 
Amar-Costesec and Beaufay, 1981) and in Golgi membranes (Howell~ 
~., 1978). ER membranes represent 19% of total hepatocyte protein 
(de Pierre and Karnovsky, 1973) and 90%-pure ER fractions have been 
estimated with only a 3.7-fold increase in homogenate glucose 
6-phosphatase activity (Jelsema and Morre, 1978). From this, an 
approximate ER contamination in fraction A3 of the order of 10% may 
be calculated, subject to similar criticisms as described above. 
Compatible with the 90%-pure plasma membrane estimate, the glucose 
6-phosphatase relative specific activity in this study (0.43 _:!: 0.03, 
Table 5.1) compares favourably with alternative Neville-type 
membranes (0.2 to 1.5) and in particular with other liver plasma 
membrane isolates which derive from post-mitochondrial fractions (1.1 
+ .1, Touster, et al., 1970; .12 _:!: .04, House~., 1972; 1.0 + .5, 
Hubbard et al., 1983; 2.0 _:!: .6, Taylor et al., 1983a). 
Persistent Golgi contamination is a common feature of low 
density liver plasma membrane preparations and has not been examined 
in studies prior to 1975. The similar density of membranes 
containing Golgi and ER markers (Amar-Costesec et al., 1974) has 
prohibited effective marker separation on sucrose gradients (Wisher 
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and Evans, 1975) or using aqueous polymer 2-phase systems (Hino et 
2.l_., 1978). This has resulted in the isolation of low density plasma 
membrane preparations enriched as much as 33-fold (Brown et al., 
1976) and 65-fold in UDP-galactosyl transferase activity (Wisher and 
Evans, 1975). Rat liver Golgi preparations typically are enriched 
more than 70-fold in this activity (Bergeron et al., 1973; Fleischer, 
1974; Hi~o et al., 1978 Morr~~., 1969) and demonstrate low 
5 1 -nucleotidase activity. A 110-fold increase in enzyme activity has 
been correlated with an 84%-pure Golgi preparation (Jelsema and 
/ 
Morre, 1978), consequently, an upper limit on the contribution of 
Golgi towards fraction A3 membranes in this study (rel . spec. 
enrichment= 5.3) may be approximated at 4%. These contamination 
values are likely to represent overestimates, however, since mutiple 
pathways for membrane recycling could lead to the insertion of Golgi 
elements containing both Golgi and ER-derived glycoproteins etc into 
the cell membrane, thus becoming intrinsic plasma membrane activities 
(reviewed in Evans, 1980; Farquhar, 1983). Moreover the unique 
specificity of microsomal markers for the ER is not clearly 
established. Only a very minor contamination by other intracellular 
membranes in fraction A3 is indicated by the low recovery ( < 0.1% of 
homogenate activity) of markers for these organelles (Tables 5.1 and 
5.2) and by electron microscopy. 
Important features of the new procedure are the high 
membrane purity (approximately 90% plasma membranes, major 
contaminent is ER membranes) and yield (4.7 ..:!:. .8 mg/lOg liver) in 
addition to rapidity, reproducibility and ease of isolation of 
vesicular membranes. This makes the Percoll technique a 
distinctively innovative alternative to the procedures currently 
available for liver plasma membrane isolation. They permit for the 
first time the study of ion and metabolite movements across the 
(sinusoidal?) plasma membrane into vesicles using a purified, in 
vitro membrane preparation. 
CHAPTER 6 
CALCIUM TRANSPORT AND CaATPase IN LIVER 
PLASMA MEMBRANES 
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6~1 SOME RECENT DEVELOPMENTS 
Prior to the commencement of this thesis, liver plasma 
membranes isolated by the Neville procedure were thought not to 
contain a classical Ca-activated, Mg-dependent ATPase (Chambaut et 
~-, 1974) and Ca transport in plasma membrane-enriched preparations 
from liver had not been demonstrated. The millimolar concentrations 
of MgC1 2 and ATP adopted in many of the earlier studies was based 
upon the well-defined erythrocyte system (section 1.2.2). In 1981, a 
high affinity (Ca+Mg)ATPase was identified in those membranes which 
demonstrated a low Mg and ATP requirement, was dependent upon a 
protein activator and was insensitive to the Ca binding protein, 
calmodulin (Loterstajn et al., 1981; Iwasa et al., 1982). The 
failure of earlier studies to detect this activity could be explained 
by the difficulty in demonstrating Ca-stimulated ATPase as a small 
increment on top of the high basal MgATPase, and the presence in the 
membrane preparation of a Mg-dependent protein inhibitor of the 
CaATPase (Lotersztajn ~., 1982). 
The highly vesicular nature of plasma membranes from Percoll 
gradients (chapter 5) and the vanadate-sensitivity of ER-localised Ca-
transport systems in liver (chapter 3) provoked an investigation into 
CaATPase and ATP-dependent Ca accumulation by plasma membrane 
vesicles in fraction A3. Every attempt was made to maintain 
"physiological" assay conditions (Becker et al., 1980) and free metal 
ion concentrations were carefully controlled using Ca-EDTA buffers 
and a computer program (see appendix). EDTA was selected in 
preference to EGTA since at suitable concentrations, the former 
ligand is able to reduce significantly the concentration of 
endogenous Mg in addition to providing a greater total:free Ca buffer 
capacity ratio in the 0.1 to 1.0 µM free Ca concentration range (Fig. 
6.1). Unless otherwise specified, the following ATPase and 45ca-
uptake studies routinely were performed on fraction A3 membranes in 
the absence of added MgC1 2 (free Mg <lnM), and O.lmM-ouabain was 
present in all CaATPase experiments. 
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Figure 6.1 EDTA and EGTA calcium ion buffers. 
A. Free Ca ion concentrations were computed for solutions 
containing lmM-ATP and lOOµM-EDTA or EGTA at pH 7.4 
using the COMICS program (see appendix). 
B. Free Ca ion concentrations (0.1 to lOµM) in the 
presence or absence of 150µM-MgC1 2 were determined 
as described in A. 
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6.2 ATPase ACTIVITY IN PLASMA MEMBRANE-ENRICHED FRACTION A3 
When the ambient Mg was reduced to nM concentrations, a 
Mg-independent, Ca-activated ATPase could be demonstrated in fraction 
A3 (Fig. 6.2). This activity was not attributable to (Na+K)ATPase in 
the preparation since minimal basal ATPase was observed at low free-
Ca concentrations. Basal CaATPase was activated 10- to 30-fold by 
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0.1 to 1.0µM-free Ca, respectively. Half-maximal activation was 
observed at approximately l.6µM-free Ca. The activity was basically 
unaffected by ATP in the range 0.25-lOmM under conditions where ATP 
utilization did not exceed 10% of the total initial ATP concentration. 
The Ca binding protein calmodulin (1-lOµg/ml) was without affect on 
the CaATPase when studied using 1 to lOµM-free Ca (not shown). 
Activation by calmodulin could not be demonstrated either 
following extensive EGTA washes to remove possible endogenous 
calmodulin (see Pershadsingh ~., 1980; Gmaj ~., 1982), 
preincubation of membranes with or without MgC1 2 and Cac1 2 
present, or following hyper- and hypotonic washes (see Caroni and 
Carafoli, 1981; Orlov et al., 1983). The use of anti-calmodulin 
drugs, whose actions are generally non-specific and inconclusive 
(Vincenzi ~., 1982) was not attempted. Cal modulin-insensitive, 
high-affinity CaATPases also have been demonstrated recently in 
Neville-type, liver plasma membranes (Lotersztajn ~., 1981; Iwasa 
et al., 1983) and in plasma membranes isolated from other tissues 
(Verma and Penniston, 1981; Murray~., 1983 ). 
In contrast to the preparation of Lotersztajn ~. 
(1981), Ca-activated ATPase in fraction A3 was stable at 4°C (Table 
6.1). Activity was unaffected when KCl was replaced with NaCl but 
was stimulated by ADP. Indeed, ADPase and AMPase contributed less 
than 10% of the total Pi liberated during the standard ATPase assay 
(Table 6.1 D). ATPase was not significantly affected by the Ca 
channel blockers nifedipine and verapamil, nor by the ionophore 
A23187 which suggests that most of the enzyme was accessible to 
medium Ca and hence the majority of vesicles were either permeable to 
Ca or were in the inverted orientation (chapter 5). CaATPase was 
insensitive to lOOµM-vanadate concentrations which maximally inhibit 
Ca transport in ER-enriched preparations (chapter 3). 
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Figure 6.2 Ca-activated ATPase in fraction A3. 
CaATPase was examined in plasma membrane-enriched fraction 
A3 as described in section 2.4. The buffer contained 
SmM-ATP, lmM-EDTA and Oto 3.SmM-tot~ CaQ 2 at pH 7.4. 
Results represent the mean+ S.E.M. of four separate 
experiments. 
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Table 6.1 
The effect of various agents on Ca-activated ATPase. 
Ca-activated ATPase (lO JJM -free ions) was determined in 2-3 
separate .experiments and mean results presented. Units are expressed 
as µmoles Pi /min/mg protein. 
Incubation Activity 
A. CONTROL: 1.32 + .01 
B. ADDITIONS: 
( i ) lOmM-NaCl (substrate = K2ATP ) 1.26 + .07 
( i i ) lOOmM-NaCL II 1.25 + .04 
( i ii ) 0.25mM-ADP 1.35 + .01 
( i V) lmM-ADP 1.74 + .16 
(v) 5mM-ADP 1. 77 + • 03 
( vi ) 10 µM-nifedipine 1.11 + .01 
( vi i ) 10 µM-verapamil 1.46 + .06 
(viii) 1 µM-A23187 1. 27 + • 02 
( i X) 100 µM-vanadate 1.28 + .03 
c. STABILITY: after 2.5hr at 4°c 1.31 + .03 
after 2.5hr at 20°c 1.15 + • 01 
D. ADPase 
( i) 0.25mM-ADP 0.13 + .01 
( i i ) lmM-ADP 0.28 + .01 
( i i i ) 5mM-ADP 0.26 + .01 
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At subµ M-concentrations of free Ca, basal ATPase activity 
is elevated considerably when EGTA is used to buffer Ca instead of 
EDTA (Fig. 6.3A). This apparently is due to µM-concentrations of 
endogenous Mg present in the membranes and reagents. This stimulates 
MgATPase activity in the preparation (Fig. 6.38) and highlights the 
applicability of EDTA in controlling free Mg ion concentrations in 
these studies. Higher ATPase activity observed with EGTA also may 
reflect a direct action of EGTA on the enzyme as has been 
demonstrated in the erythrocyte (Al-Jobore and Roufogalis, 1981). 
Attempts to solubilize the CaATPase (but not the MgATPase) in this 
preparation (see Trotta and de Meis, 1978), and thus allow the study 
of CaATPase in the presence of 11 physiological 11 Mg concentrations, 
were unsuccessful and are not presented. 
Although ATPase activity also is observed in the presence of 
µM-concentrations of a variety of divalent cations (Table 6.2), only 
Ca- and Mg-dependent activities are enhanced at free ion 
concentrations exceeding l()µM. The high activities observed with 
O.lmM concentrations of Mn, 2+ Co 2+ and Ni 2+ reflect free 
endogenous Mg and Ca in the buffer. This arises from the extremely 
high affinity of EDTA for the alternative metal ions (see appendix). 
Accordingly, an activity difference (0.1 to lOOµM free ion 
concentration) was taken to more accurately reflect ATPase activation 
by these ions and thus reveal the specificity of ATPases in the 
preparation for Ca and Mg ions (see Table 6.2). 
6.3 Ca TRANSPORT IN PLASMA MEMBRANE-ENRICHED FRACTION A3: 
COMPARISON WITH ER-ENRICHED FRACTION. 
45 Membrane vesicles in fraction A3 rapidly sequester Ca in 
a ruthenium red-insensitive, ATP-dependent manner (Fig. 6.4A,B). 
These studies were performed without added MgC1 2 and adopting the 
identical experimental conditions to those used in the CaATPase 
studies (section 2.4). The initial rate of ATP-supported Ca 
transport is approx. 3.5nmol Ca/mg/min. This compares with 
l.3µmolATP/mg/min for CaATPase activity in the same assay i.e. with 
lOµM-free Ca present. The stability of the enzyme is such that Ca-
uptake activity decreases less than 10% per hr following the 
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Figure 6.3 Ca and MgATPase activity in fraction A3 
A. Ca-activated ATPase was determined using either 
Ca-EGTA buffers (single experiment in triplicate); or 
Ca-EDTA buffers as in Fig. 6.2 (dotted 1 ine). 
B. Mg-activated ATPase was determined using four 
preparations of fraction A3. The buffer contained 
5mM-ATP, lmM-EDTA, 0 to 4.6mM-tota1 MgC1 2 at pH 7.4 
and no added Ca (i.e. endogenous Ca-3µM). 
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Table 6.2 
ATPase activation by divalent cations. 
ATPase activity in fraction A3 was examined using 0.1 to 
lOOµM-free ion concentrations which were determined using a computer 
program (appendix) and EDTA buffers as described in Experimental. 
Activities presented (µmoles Pi/min/mg of protein) are mean values of 
a single experiment performed in duplicate. 
ca2+ Mn 2+ Co 2+ 
Free ion concentration (µM) 
0.1 .10 .23 .45 .55 .11 
1.0 .41 .63 .63 .65 .31 
10.0 1.04 1.30 . 80 • 87 .40 
100.0 1.18 1.47 .71 • 76 .40 
Activation (see text) 1.08 1.24 • 26 • 21 .29 
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Sr 2+ 
.02 
.02 
.04 
.08 
.06 
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Figure 6.4 A comparison of 45ca-uptake activity in 
plasma membrane, and ER-enriched fractions 
(I) Plasma membrane-enriched fraction A3 
A. Ca uptake was measured using lOr M-free ambient Ca 
in the absence (0) and in the presence of lmM-ATP 
(e) as described in section 2.4 (n=3-4 
experiments). lµM-A23187 was added after 3 min. 
B. ATP-supported Ca uptake was calculated as the 
difference between the curves shown in A. 
The presence of open ci rel es denotes control 
incubations (no additions),.:_ SOµM-vanadate, + 
lµM-PCMB, .:_ 3µM-ruthenium red or+ 
1-lOµg/ml -calmodulin. 
Closed circles denotes the presence of lOmM-
oxal ate. 
Qosed triangles denotes the presence of 
l01tM-free Mg. 
Data from 3 repeated experiments are presented. 
(II) ER-enriched fraction 3a 
C. 45ca uptake by two preparations of fraction 3a 
was measured as described in A. 
D. ATP-supported Ca uptake (see B. above) was 
measured in contr~ incubations (O); or in the 
presence of lOmM-oxal ate (e); or 50r M-vanadate (•), 
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isolation of the membrane fraction. The initial rate diminishes 
considerably after 1 min and assuming an intravesicular volume of 
2-4µ,ifng protein (West, 1981; Schneider, 1983) and lOµM-ambient Ca, 
total intravesicular Ca may approximate lmM by 5 min. The 
trans-membrane Ca concentration gradient therefore is of the order of 
approximately 100:1. This assumes that the Ca within the vesicle is 
predominantly ubound as is suggested by the rapid and nearly complete 
effux of 45ca which is induced by A23187 (Fig 6.4A). On the other 
hand, no 45ca uptake was observed following 3 min of 40ca uptake 
(data not shown). This implies minimal cycling of Ca across the 
membrane during the slow phase of Ca transport. 
Oxalate and phosphate (1-lOmM), used as intravesicular 
Ca-precipitating anions in studies with microsomes (sections 1.2.3 
and 1.3.38), was without significant effect on energy-dependent Ca-
transport rates in fraction A3. This was despite lengthy 
preincubations to overcome the possible low membrane permeability of 
these anions (Trotta and de Meis, 1978). Ca uptake was insensitive 
to 1-lOµM free ambient Mg, l µM-PCMB and similar to CaATPase in this 
preparation, Ca uptake was insensitive to vanadate at concentrations 
which maximally inhibit the ER-localised Ca-transport system (chapter 
3). Valinomycin (l µM) and CCCP (lµM), ionophores for K+ and H+ 
respectively, inhibited Ca uptake approx. 50% (not shown). However, 
further studies would be required to establish whether electro-
phoretic transport mechanisms operate in these membranes (Bartschat 
et al., 1980; Sommermeyer et al., 1983) and whether inhibition is 
specific, since mitochondrial and ER-localised Ca-transport systems 
also are inhibited (Bygrave, 1978a). 
As observed in Ca-ATPase studies, modulation by calmodulin 
of Ca transport in fraction A3 could not be demonstrated using any of 
the approaches described in section 6.2. Ca transport also was 
unaltered following incubation of fraction A3 in vitro or perfusion 
of intact liver in situ for two minutes with the alpha-adrenergic 
agonist phenylephrine prior to liver fractionation (not shown). 
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In sumnary, Ca uptake by liver plasma membrane vesicles 
shares several features in common with isolated plasma membrane 
preparations from . other tissues. These include Mg-independent 
kinetics (e.g. Colca ~~., 1983) and insens i tivity to oxalate 
(Carey and Evans, 1977; Vetter~., 1982; Scully et al., 1982; 
Volpi et al., 1983) and vanadate (section 3.1, Col ca et al., 1983; 
Somermeyer et al., 1983). 
In comparison to the above membranes, Mg-independent, 
ruthenium red-insensitive Ca uptake in the ER-enriched fraction 3a 
(section 2.2; chapter 3) exhibits both higher and more prolonged Ca-
transport rates which are stimulated by oxalate and inhibited by 
vanadate (Fig. 6.4C,D). The ER and plasma membrane-localised 
transport systems may be further distinguished by their different pH 
optima (6.8 and 7.5-8.0, respectively; Fig. 6.5) and by the Ca-
activation kinetics of the two Ca-transport systems (Fig. 6.6). 
Half- maximal activation of Ca uptake in ER-enriched fraction 3a is 
observed at 10-fold higher free Ca concentrations than in plasma 
membrane-enriched fraction A3 us i ng identical experimental 
conditions, namely lmM-ATP and no added MgC1 2 at pH 7.4. Moreover, 
Ca-activated ATPase was essentially undetectable in fraction 3a, and 
recent studies by Dawson and Fulton (1983) have confirmed similar low 
CaATPase activity in studies using liver microsomes. 
6.4 DISCUSSION 
The development of a novel plasma membrane isolation 
procedure has permitted for the first time, the demonstration of 
energy-dependent Ca transport using an in vitro liver preparation. 
The Ca-dependent activities examined in fraction A3 appear to be 
plasma membrane-localised and not derived from minor ER contamination 
in this preparation (section 5.6) since a large body of evidence 
(albeit indirect) may be compiled which discriminates between the two 
membrane preparations (Table 6.3). 
The vanadate-insensitivity of liver plasma membrane CaATPase 
only very recently has been confirmed by Iwasa et al. (1982, 1983). 
The results of the present study suggest that vanadate may represent 
a useful tool with which to discriminate between the two Ca-transport 
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Figure 6.5 pH optima of Ca-transport systems in liver 
membranes 
Initial rates of 45ca uptake (solid line) and Ca-activated 
ATPase activity (dotted lines) was determined as a function 
of pH in ER-enriched fraction 3a (A); and plasma membrane-
enriched fraction A3 (B) as described in the text. Mean 
results of two experiments are shown. 
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Figure 6.6 Activation by free Ca ions of 45ca uptake in 
plasma membrane and ER-enriched liver 
preparations 
Uptake of 45ca (section 2.4) was determined as a function 
of free Ca concentration in liver subfractions enriched in 
plasma membranes (A: fraction A3, section 2.3) and 
endoplasmic reticulum (B: fraction 3a, section 2.2). 
The data for each figure represents the mean+ S.E.M. of 
duplicate experiments. 
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Table 6.3 
A comparison of plasma membrane and ER-associated 
Ca-transport/ATPase systems in rat liver 
Feature Plasma Membranes Microsomes (ER) 
References References 
( i) CaATPase 
inhibition by vanadate No * 
exogenous Mg requirement No * 
stimulation by calmodulin No * pH optimum 7.4 * 
(ii) Ca-transport 
inhibition by vanadate No * inhibition by PCMB No * 
stimulation by MgCl2 No * 
stimulation by oxalate No * 
stimulation by calmodulin No * pH optimum 7.4 * 
• enhanced stability by 
dithiothreitol No * 
• Vmax (nmol/mg/min, 
Mg present) 3.5 * 
* Present study 
References: A. Bygrave (1978a) 
B. Dawson (1982) 
C. Dawson and Fulton (1983) 
D. Farber et al • ( 1977) 
E. Iwasa et al. (1982) 
, 
, 
, 
, 
E, F Yes C 
E, G Yes C 
E, F, G Yes? C, I 
E 6.8-7.0 C 
Yes * C , 
Yes * H , Yes A, H 
Yes? * A,B,D,H , 
Yes I 
6.8-7.0 B 
Yes * J , 
11-16 B, H 
F. I was a et al • ( 19 83 
G. Loterstajn et al. Tl981) 
H. Moore et al:---[I975) 
I. Moore and Kraus-Friedmann 
( 1983) 
J. Reinhart and Bygrave 
(1981) 
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systems in preparations containing both organelles. Both Ca-transport 
and CaATPase in the preparation show no requirement for added MgC1 2 
which indicates that bound endogenous Mg is sufficient for optimal 
Ca-associated activities and that CaATP may function as the true 
ATPase substrate as suggested for the erythrocyte enzyme (Graf and 
Penniston, 1981). A low Mg dependence previously has been shown for 
plasma membrane-localised, high-affinity CaATPases from islet cells 
(Pershadsingh et al., 1980) adipocytes (Pershadsingh et al., 1980a), 
corpus luteum (Verma and Penniston, 1981) and recently in rat liver 
(Lotersztajn et al., 1981; Iwasa ~-, 1983). 
In addition to the many attributes of the new procedure 
using Percell (section 5.6), three other important features render 
the new plasma membrane preparation as the material of choice with 
which to pursue Ca-transport/ATPase studies, namely 
A. The preparation is considerably more enriched in plasma 
membrane marker enzymes c.f e.g. only a 12-fold enrichment 
in the Iwasa preparation with a 26-fold enrichment in 
fraction A3. 
B. CaATPase activity is more prevalent in fraction A3 as 
evidenced by the much higher maximal activity ( 1.4µmol/mg/ 
min) compared to alternative preparations, e.g. Lotersztajn 
preparation (1981): native membranes, (- 0.45µmol/mg/min). 
C. Unlike existing preparations, both transport of Ca and Ca-
ATPase may be measured simultaneously. 
Only a small component of total CaATPase may serve as a Ca-
extrusion pump since Ca-transport rates are low in comparison to 
ATPase activity in fraction A3. Although this may result from 
incomplete resealing of these vesicles (chapter 5), ER-enriched 
fractions exhibit high rates of Ca-transport whereas Ca ATPase is 
minimal (Figs. 6.5, 6.6). Calculation of Ca:ATP stoichiometries in 
fraction A3 membranes analogous to other model systems (section 1.2), 
is thus of little consequence. 
Penniston (1983) has defined three criteria for effective 
demonstration of Ca-pumping enzymes invitro: i) the preparation must 
be of plasma membrane origin, ii) the apparent Km for Ca must be 
<10µM-free Ca and iii) Ca transport and CaATPase both must be 
demonstrated in the same incubation. Whilst these criteria are met 
by fraction A3 membranes, they may nonetheless be insufficient for 
the identification of a Ca-pumping ATPase. Indeed, the CaATPase 
activation profile (Fig 6.2) may represent a combination of high- and 
lower-affinity CaATPases (e.g. Pershadsingh and McDonald, 1980a; 
Murray et _al., 1983) since elevation of free Ca from 0.1 to lOµM 
activates the ATPase 17-fold to 600nmol/mg/min, which is considerably 
higher than membrane-localised high-affinity CaATPase activities in 
other tissues (Penniston, 1983). 
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A serious problem in this type of study is the choice of 
stability constants for Ca-ligand species. Pershadsingh and McDonald, 
(1980a) have modified the published values of stability constants by 
2-3 orders of magnitude and these adjusted values are used by several 
groups (Lotersztajn ~., 1981, 1982; Iwasa~' 1983). 
Consequently, those studies report CaATPase activation using Ca 
concentrations which, under in vivo conditions, implies saturation of 
the enzyme with nM concentrations of Ca. Unmodified stability 
constants have been used by other groups (Fabiato and Fabiato, 1978; 
Iwasa~., 1982; Gmaj et al., 1982). Unmodified values also were 
used in the present study in conjunction with the COMICS program (see 
appendix) and gave rise to similar Ca-activation profiles to those 
reported by other groups (e.g. Murray~., 1983). Moreover, 
values for Kmapp (Ca) in this study closely resembles consistently 
reported values of 0.5 to 5µM in well-studied (Ca+Mg)ATPase systems 
(chapter 1). Ca-activation profiles (Fig. 6.2) are unlikely to lie 
any further to the right i.e. at higher free-Ca concentrations, since 
low-affinity ATPases (Kmapp ~lOµM) generally are non-specific for 
metal ions (McDonald~., 1982) whereas fraction A3 ATPase is 
specific for Ca (Table 6.2). 
This being the case then, ATPases involved in Ca trans-
location constitute a somewhat lower-affinity subgroup since 
transport is activated by comparitively high concentrations of free 
Ca i.e. 1-lOµM (Fig. 6.7). This then raises the question of what the 
role is of high affinity CaATPases with an apparent Km for Ca of 
<0.5µM? Clearly, other studies are required to resolve this issue. 
CHAPTER 7 
DISCUSSION AND PERSPECTIVE 
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The primary objective of this thesis; namely the development 
of a suitable plasma membrane preparation to enable the study of Ca 
transport in liver cell membranes, has been achieved using Percoll 
gradient centrifugation. In addition, several novel properties of 
the proced_ure as sumnarised in section 5.6 have endowed this 
preparation with features which represent a considerable improvement 
over existing techniques, especially in relation to the study of 
sinusoidal membrane surface phenomenon. In particular, a 
Mg-independent CaATPase resembling the Lotersztajn enzyme is 
especially enriched in these membranes. Activity is stable at 4°c 
and the high affinity of the enzyme for Ca is typically that of 
high-affinity, Ca-activated ATPases of well-studied, model systems 
(chapter 1). 
In the course of these studies, reports have appeared in the 
literature which presume either to have demonstrated Ca-transport 
activity in liver plasma membrane-enriched preparations or to provide 
a suitable alternative to existing isolation procedures. Described 
as "liver plasma membranes", those preparations are in fact enriched 
only 4- to 15-fold in 51 -nucleotidase activity over homogenate values 
(Sips et al., 1982; Chan and Junger, 1983; Wallace~., 1983) and 
exhibit relative specific ER marker enrichments of 0.9 
(Kraus-Friedmann et al., 1982,); 1.0 (Wallace et al., 1983; Hubbard 
~., 1983); and 1.4 (Taylor et al., 1983a). Indeed the plasma 
membrane-enriched preparation of Famulski and Carafoli (1982) 
contains 60% of ER markers observed in ER-enriched fractions; the 
preparation of Chan and Junger (1983) which exhibits 
vanadate-sensitive, Mg-dependent Ca transport, clearly relates to a 
predominantly ER-derived membrane composition; and the "plasma 
membrane vesicles" of Sips et al. (1982) actually are enriched 3-fold 
in ER markers. Such studies are clearly untenable and their 
implications were not entertained in this thesis. 
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Ca transport by plasma membranes tsolated using Percell has 
been distinguished from ER-localised transport, and vanadate 
sensitivity has proven extremely useful in this respect. 
Nevertheless, unequivocal assignment of Ca-transport activity 
exclusively to plasma membranes in the preparation is prohibited 
since a small component of Ca-transport activity in ER-enriched 
fractions _also is vanadate-insensitive (see Fig. 3.4). 
This study represents the first simultaneous demonstration 
of Ca transport and ATPase activity in a highly purified rat liver 
plasma membrane vesicle preparation. While the presence of putative 
Ca gates or channels (section 1.2.1) and trans-cellular Ca-transport 
systems is unresolved in these membranes, the considerable ATPase 
activity observed at Ca concentrations above lOµM-free Ca highlights 
the large reserve capacity for this enzyme, whose modulation in vivo 
may be subject to complex regulatory mechanisms. 
One potential regulatory site is the membrane-bound, protein 
inhibitor of Lotersztajn and Pecker (1982) which, in the presence of 
physiological Mg concentrations, would ensure that the high affinity 
ATPase would be predominantly inactive in vivo. The role of protein 
phosphorylation (Perry and Cohen, 1983) may be as important in the 
liver system as is recognised in the sarcoplasmic reticulum (section 
1.2.3 C), particularly following recent reports of Ca-induced 
phosphoproteins (Chan, 1982), cAMP-independent protein 
phosphosphorylation (Kobayashi and Ozawa, 1981) and 
phospholipid-regulated protein kinase activities in rat liver plasma 
membrane preparations (Kiss and Mhina, 1982; Sommarin and Jergil, 
1983). 
Unsuccessful attempts to demonstrate a direct or stable 
action of phenylephrine, an alpha-adrenergic agonist, on the Ca-
ATPase or Ca-transport system in fraction A3 in this study, suggests 
that the Ca-pumping ATPase may not be a direct target for 
alpha-adrenergic agonists but rather that elevated cytopla~mic Ca in 
response to hormonal stimuli may be sufficient to activiate the Ca 
pump. Certainly the very rapid and transitory efflux of Ca from 
liver (approximately 120 nmol/min/mg liver) following alpha-adrenergic 
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stimulation is considerably higher than known rates of ATP-supported 
Ca-uptake rates in vitro. This implies the existence of alternative 
Ca-transport systems in these membranes or that Ca-transport 
activities may be underestimated. Nevertheless, an important role 
for the Ca-activated (ion-pumping?) ATPase in hormone action in 
liver, particularly following stimulation by alpha-adrenergic 
agonists, _cannot be excluded in view of the following: 
(a) the potentially high activities (1.5).llTlol ATP/min/mg 
protein, Fig. 6.2) demonstrated by the CaATPase in 
vitro, and 
(b) recent communications of (Ca+Mg)ATPase modulation in 
liver plasma membranes from hepatocytes following 
treatment with the agonists phenylephrine, vasopressin 
and insulin (Lin and Fain, 1983; Lin~ •• 1983). 
Clearly, much work is required to understand precisely the 
significance of stable changes in the activity of subcellular Ca-
transport systems in liver (see section 1.3). 
Finally, numerous applications of the Percell technique are 
envisaged in a wide variety of plasma membrane vesicle-related 
events. These include studies of membrane composition, fluidity, 
metabolite transport, membrane polarisation and electrochemical 
potential, particularly in regard to sinusoidal e.g. hormone-related 
events (Evans, 1980). Such studies previously have been performed 
only using heavily contaminated preparations enriched in 
bile-canalicular membranes (e.g. Wallace~ •• 1983). 
The large amount of time invested in developing the new 
Percell technique and the accuracy which was necessary for the 
studies which have been presented (i.e. most experiments were 
performed a minimum of three times), resulted in time constraints 
being placed upon further studies. 
In relation to Ca translocation, the control of intra-, and 
extra-vesicular medium and the use of Ca-sensitive, fluorescent 
indicators such as quin-2 should ultimately provide answers to many 
questions regarding putative Ca 2+/nH+ exchange mechanisms 
(Smallwood et al., 1983), Ca channels (Glossman ~ •• 1982 Janis 
and Triggle, 1983;) and Na/Ca exchange systems in these membranes 
(see introduction). The preparation also may serve as an excellent 
starting material for the isolation and purification of the CaATPase 
enzyme. 
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Studies of the mechanism of alpha-adrenergic hormone action 
in liver might include new ·hormone binding assays (Makin~., 
1983). Hormone-induced increases in phosphoinositol turnover (Kirk, 
1982; Wallace~., 1983) or similar studies of the chemical nature 
of the alpha agoni st-induced "second messenger" al so may be persued 
using either the new preparation or alternatively the very rapidly 
isolated, although less pure, fractions Al and A2. 
In conclusion, many avenues are open in the pursuit of the 
mechanism of action of adrenaline and other alpha-adrenergic hormones 
in liver. It is hoped that the new Percoll procedure has provided a 
means to answer many of the questions which previously could not be 
approached using existing plasma membrane preparations. 
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Appendix: COMICS program 
Free calcium ion concentrations were computed at selected 
total Ca concentrations by the iterative algorithm COMICS 
(Concentration of Metal Ions and Complexed Species) originally 
developed by Perrin and Sayce (1967) and modified to run on a Univac 
1100 system by R. Epping. 
The following val ues for experimental 1 y-determi ned stability 
constants (-1 og 10 K) were se~ ected from Sil 1 en and Martel 1 (1964, 
1971) on the basis of representing the most comprehensive studies 
performed by a sin~e author (references 608a, 66T, 67T) adopting one 
set of experimental conditions (method=gl, buffer = 0.1M-KN03 at 30-43°C, see above reference). 
LIGAND EDTA 4- EGTA 4- ATP 4- ADP 4- OXAL 4- * 3-P0 4 NTA 
3
-
H+ 9.91 9.38 6.52 3.73 3. 81 11.80 9.73 
2H+ 5. 98 8.77 3.87 6.70 2.50 
3H+ 2.86 2.73 2.10 
ca 2+ 10.11 11.00 3.94 2.80 3.00 6.53 
H+ + Ca 2+ 3.51 5.30 2.13 2.20 
Mg2+ 8.73 5.20 4.28 3.30 2.39 5.46 
H+ + Mg2+ 2.28 3.40 2.29 
ca2+ 16 .31 12.50 4.55 4.12 
H+ + co2+ 9.15 7.99 2.24 
Mn 2+ 14.04 12.28 4.63 4.06 
H+ + Mn 2+ 6.90 7.02 2.30 
Ni 2+ 18. 62 13.55 4.90 4.42 
H+ + Ni 2+ 11.56 9.19 2.59 2.22 
Sr 2+ 8.29 8.10 3.45 2.43 
H+ + Sr 2+ 4.37 2. 00 
* Values are highly variable. 
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Determination of free Ca using COMICS in media containing 
501,.M-EDTA (pH 7.4) with (A); or without lmM-ATP (B) in the absence of 
added MgCl 2• 
Total Ca (µM) Free Ca ( µM) 
A B 
2 
.001 
.001 
4 
.002 
.002 
6 
.003 
.003 
8 
.005 
.005 
10 
.006 
.006 
15 
.Oll 
.Oll 
20 
.017 
.017 
25 
.025 
.025 
30 
.037 
.038 
35 
.056 
.058 
40 
.091 
.099 
45 
.169 .215 
50 
.367 1.10 
55 
.760 5.22 
60 1.27 10 .10 
70 2.39 20.04 
80 3.57 30.02 
90 4. 77 40.01 
100 6.00 50.00 
120 8.52 
140 11.12 
160 13.82 
180 16. 60 
200 19.48 
PROGRAM "COMICS" 109 
00010 RF.M THIS PROGRAM IS MODIFIED TO BE RUN ON A UNIVAC llOO SYSTEM . 
00020 RF.M THE PROGRAM IS STORED IN THE FILE "EPPING" • 
00030 RF.M THE ELEMENT NAME OF THE PROGRAM IS "COMICS" • 
00040 RF.M TO RUN THE PROGRAM ENTER FOLLOtHNG COMMANDS 
00050 RF.M @ASG,AXZ EPPING. 
00060 RF.M @BASIC EPPING. 
00070 RF.M OLD:COMICS 
00080 RF.M ALT* RCJvlMEL 
00090 REM R (ENTER REQUIRED VALUES) 
00100 REM SYM RCMMEL,l,PRl 
00110 RF.M TI-IIS WILL GIVE BOTH THE TERMINAL DISPLAY AS WELL AS HARD-COPY. 
00120 RF.M · IF HARD-COPY IS NOT REQIRED DELETE "ALT" AND "SYM" INSTRUCTIONS. 
00130 RF.M IF MORE THAN ONE HARD-COPY RUN IS MADE, MUST USE NEW "ALT"-IDENT. 
00140 PRINT "PROGRAM TO CALCULATE FREE METAL ION CONCENTRATIONS" 
00150 PRINT "IN SOLlITIONS CONTAINING UP TO 3 METALS & 5 LIGA.Nr.6 11 
00160 PRINT "USING STABILITY CONSTANTS FRa.1 SILLEN & MARTELL, 1964, 1971." 
00170 PRINT 
00180 PRINT "MODIFIED BY RON EPPING, 1982." 
00190 PRINT 
00200 PRINT 
00210 DIM M$(3) ,L$(5} ,N(30,9) ,8(30) ,S(30) ,F(9) ,T(9) ,X(9) ,C(3) 
00220 PRINT "NUMBER OF METALS IN REACTION" 
00230 PRINT "MIXTURE (MAX = 3) 
00240 INPUT M 
00250 IF M <= 0 THEN 1410 
00260 FOR I= l TOM 
00270 PRINT" METAL ", I,"= "; 
00280 INPUT M$(I) 
00290 NEXT I 
00300 PRINT 
= "· I 
00310 PRINT "NUMBER OF C0'1PLEXING AGENTS IN " 
00320 PRINT "REACTION MIXTURE (MAX = 5) = ". 
00330 INPlIT L 
00340 IF L <= 0 THEN 400 
00350 FOR I= l TO L 
00360 PRINT " LIGAND " , I 11 = 11 ; 
00370 INPUT L$(I) 
00380 NEXT I 
00390 PRINT 
00400 PRINT "NUMBER OF METAL COMPLEXES AND" 
00410 PRINT "PROTONATED LIGAND SPECIES TO BE" 
I 
00420 PRINT "CONSIDERED (MAX = 30) = "; 
00430 INPUT P 
00440 IF P <= 0 THEN 1410 
00450 PRINT 
00460 PRINT 
00470 PRINT "INSERT STOICHIOMETRY OF EACH SPECIES" 
00480 PRINT 
00490 FOR I= l TOP 
00500 PRINT TAB (2), " SPECIES", I 
00510 PRINT 
00520 PRINT TAB(3), "H", TAB(l5), "= "; 
00530 INPlIT N(I,l) 
00540 FOR J = l TOM 
00550 PRINT TAB(3), M$(J), TAB(l5), " = "; 
00560 INPUT N (I, (J + 1)) 
00570 NEXT J 
00580 IF L <= 0 THEN 640 
00590 K = M + l 
00600 FOR J = l TO L 
PROGRAM "COMIC S " 
00610 PRINT TAR(3), LS(J), TAR(l5), "= "; 
00620 INPUT N(I, (J + K)) 
00630 NEXT J 
00640 PRINT TAR(3), "LOG CONSTANT = "; 
00650 INPUT R(I) 
00660 B(I) = EXP (B(I) * 2.303) 
00670 PRINT 
00680 PRINT 
00690 NEXT I 
00700 PRINT 
00710 PRINT "PH OF REACTION SOLUTION = "; 
00720 INPUT H 
00730 PRINT 
00740 PRINT 
00750 F(l) = EXP ( - H * 2 . 303) 
00760 K = l + M 
00770 IF L <= 0 THEN 830 
00780 FOR I= l TO L 
00790 PRINT "CONCENTRATION OF " LS (I) , 11 = 11 ; 
00800 INPUT T(I + K) 
00810 NEXT I 
00820 PRINT 
00830 PRINT "LOtJEST CONCENTRATION OF ",MS (1) ," = "; 
00840 INPUT C(l) 
00850 PRINT "HIGHEST CONCENTRATION OF ",MS (l)," = "; 
00860 INPUT C(2) 
00870 PRINT 
00880 PRINT "INCREMENT REQUIRED = "; 
00890 INPUT C(3) 
00900 FOR J = 2 TO -M 
00910 PRINT 
00920 PRINT "CONCENTRATION OF ",MS (J) , " = "; 
00930 INPUT T(J + l) 
00940 NEXT J 
00950 FOR I= l TO 10 
00960 PRINT 
00970 NEXT I 
00980 PRINT "INSERT CONDITIONS", 
00990 INPUT ZS 
01000 PRINT 
01010 PRINT 
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01020 PRINT TAB(3), "METAL", TAR(l3), "TOTAL CONCN", TAR(21), "FREE CONCN" 
01025 PRINT 
01030 K = l + M + L 
01040 T(2) = C(l) 
01050 FOR J = 2 TOK 
01060 F(J) = T(J) 
01070 NEXT J 
01080 Z = 0 
01090 FOR I= l TOP 
01100 S(I) = B(I) 
01110 FOR J = l TOK 
01120 S(I) = S(I) * F(J)-N(I,J) 
01130 NEXT J 
01140 NEXT I 
01150 FOR J = 2 TOK 
01160 X(J) = F(J) 
01170 FOR I= l TOP 
01180 X(J) = X(J) + N(I,J) * S (I) 
01190 NEXT I 
01200 R = SQR (X (J) / T (J) ) 
PROGRAM "COMICS" 
01210 IF ( ABS (R - 1)) > l.OE - 04 THEN 1230 
01220 Z = Z + l 
01230 F(J) = F{J) / R 
01240 NEXT J 
01250 IF Z >= (K - 1) THEN 1270 
01260 GOTO 1080 
01270 FOR J = l TOM 
01280 PRINT TAR{3), M$(J), TAR(lO), T(J + 1), TAR(l8), F(J + 1) 
01290 NEXT J 
01300 C{l) = C{l) + C{3) 
01310 IF C{l) <= C{2) THEN 1030 
01320 FOR I= l TO 5 
01330 PRINT 
01340 NEXT I 
01350 PRINT "NEW CONCENTRATIONS REQUIRED (Y/N) ?"; 
01360 INPUT A$ 
01370 FOR I= l TO 5 
01380 PRINT 
01390 NEXT I 
01400 IF A$ = "Y" THEN 710 
01410 PRINT "END OF CALCULATIONS" 
01420 CLOSE l 
01430 END 
»r 
PR(X;RAM TO CALCULATE FREE METAL ION CONCENTRATIONS 
IN SOLUTIONS CONTAINING UP TO 3 METALS & 5 LIGANr6 
USING STABILITY CONSTANTS FRO,, SILLEN & MARTELL, 1964,1971. 
MODIFIED RY RON EPPING, 1982. 
NUMBER OF METALS IN REACTION 
MIXTURE (MAX = 3) 
METAL l 
METAL 2 
NUMBER OF C0\1PLEXING AGENTS IN 
REACTION MIXTURE (MAX = 5) 
LIGAND l 
NUMBER OF METAL COMPLEXES AND 
PRaTONATED LIGAND SPECIES TO RE 
CONSIDERED (MAX= 30) 
=? >2 
=? >CA2+ 
=? >M;;2+ 
= ? >l 
=? >EGTA 
= ? >6 
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PROGRAM 
INSERT Sl'OICHICMETRY OF EACH SPECIES 
SPECIES 1 
H =? >l 
CA2+ =? >O 
MG2+ =? >O 
ffi!'A =? >l 
ux; CONSTANT=? >9.35 
SPECIES 2 
H =? )2 
CA2+ =? >O 
MG2+ =? >O 
ffil'A =? >l 
ux; CONSTANT=? >8.73 
SPECIES 3 
H = ? >3 
CA2+ = ? >O 
MG2+ = ? >O 
ffil'A =? >l 
ux; CONSTANT=? >2.78 
SPECIES 4 
H = ? >O 
CA2+ = ? >l 
MG2+ = ? >O 
ffi!'A = ? >l 
ux; CONSTANT=? >10.64 
SPECIES 5 
H =? >l 
CA2+ =? >l 
MG2+ =? >O 
ffil'A =? >l 
ux; CONSTANT = ? >5.33 
SPECIES 6 
H =? >O 
CA2+ =? >O 
MG2+ = ? >l 
ffi!'A =? >l 
ux; CONSTANT=? >5.41 
PH OF REACTION SOLUTION = ? >7. 4 
CCN:ENTRATION OF 
UM'EST COOCENTRATION OF 
HIGHEST CONCENTRATION OF 
I!'.CRE1'1ENr REQUIRED = ? >200E-6 
CCN:ENTRATION OF 
CA2+ 
CA2+ 
M:;2+ 
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"COMICS" 
INSERT CONDITIONS ? >PRo::;RAM TEST ONLY 
METAL 'IUJ'AL CO!'.CN FREE CO!'.CN 
CA2+ .0005 2.3176086E-09 
MG2+ .0001 4.4099298E--05 
CA2+ 6.9999999E-04 5. 5961035E--09 
MG2+ .0001 5. 7638059E--05 
CA2+ 8.9999999E--04 2.2889714E--08 
MG2+ .0001 8.1233478E--05 
CA2+ .0011 9.9633868E--05 
MG2+ .0001 9. 9994102E--05 
CA2+ .0013 2.9962624E--04 
MG2+ .0001 9.9998039E--05 
CA2+ .0015 4.9961631E--04 
MG2+ .0001 9.9998823E--05 
CA2+ .0017 6.9961886E--04 
MG2+ .0001 9. 99991 GlE--05 
CA2+ l.8999999E--03 8.9964359E--04 
MG2+ .0001 9.9999347E--05 
CA2+ 2.0999999E--03 1. 0996145E--03 
MG2+ .0001 9.9999466E--05 
CA2+ 2. 2999999E--03 1. 2996262E--03 
MG2+ .0001 9.9999548E--05 
CA2+ 2.4999999E--03 l.4996369E--03 
MG2+ .0001 9.9999609E--05 
CA2+ 2.6999999E--03 1. 6996213E--03 
MG2+ .0001 9.9999654E--05 
CA2+ 2.8999999E--03 l.8996086E--03 
MG2+ .0001 9.999969E--05 
CA2+ 3.0999998E--03 2.0996246E--03 
MG2+ .0001 9. 9999721E--05 
CA2+ 3. 2999998E--03 2. 299591 GE--03 
MG2+ .0001 9.9999744E--05 
CA2+ 3.4999998E--03 2.4996192E--03 
MG2+ .0001 9.9999765E--05 
CA2+ 3.6999998E-03 2. 6996157E--03 
MG2+ .0001 9.9999783E--05 
CA2+ 3.8999998E--03 2.8995836E--03 
MG2+ .0001 9.9999797E--05 
CA2+ 4.0999997E--03 3. 0996409E--03 
MG2+ .0001 9.999981E--05 
CA2+ 4. 2999997E--03 3.2995642E--03 
MG2+ .0001 9.9999822E--05 
CA2+ 4.4999996E-03 3.4995899E--03 
MG2+ .0001 9.9999833E--05 
CA2+ 4.6999996E--03 3.6996007E--03 
MG2+ .0001 9.9999841E--05 
CA2+ 4.8999995E--03 3.899599E--03 
MG2+ .0001 9.999985E-05 
N~ CO!'.CENTRATIONS REQUIRED (Y/N) ?? >N 
= ? > lE-3 
? >500E-6 
=? >5E-3 
? >lOOE-6 
! ! 
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